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This  research  attends  to  unmet  requirements  in  the  physiological 
management  of  moderately  and  severely  wounded  soldiers,  thereby  (a)  improv¬ 
ing  the  return-to-duty  rate  of  the  combat- injured,  (b)  reducing  morbidity 
and  mortality  of  the  combat- injured,  and  (c)  reducing  resource  (primarily 
materiel  and  logistical  support)  utilzation  by  Army  medical  field  facilities. 
The  research  examines  the  interaction  of  anesthetic  agents  appropriate  for 
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cal  processes  that  contribute  to  the-  differences  among  anesthetic  agents  for 
induction*  and  Inaintenance  of  anesthesia  during  hemorrhage  will  be  defined. 

,  Swine  are  used  as  the  experimental  model,  examining  the  rationaie  and 
physiology  of  use  of  nitrous  oxide,  enflufane,  isoflurane,  halothane, 
thiopental  and  ketamine  for  induction  of  anesthesia  during  the  hypovolemic 
condition. 

The  products  of  this  project  wili  be  important  and  meaningful  data. and 
recommendations  to  be  provided  USAMRDC,  AHS,,  and  ultimately  the  user— the 
anesthetist  in  a  combat  environment— regarding  use'  (potential  advantages 
and  disadvantages)  of  anesthetic  agents  for  acutely  injured  soldiers. 
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3.  Summary 


This  research  attends  to  unmet  requirements  in  the  physiological 
management  of  moderately  and  severely  wounded  soldiers,  thereby  (a)  improv¬ 
ing  the  return-to-duty  rate  of  the  combat- injured,  (b)  reducing  morbidity 
and  mortality  of  the  combat-injured,  and  (c)  reducing  resource  (primarily 
materiel  and  logistical  support)  utilzation  by  Army  medical  field  facilities. 
The  research  examines  the  interaction  of  anesthetic  agents  appropriate  for 
use  in  a  combat  environment,  with  hemorrhage.  In  doing  so,  the  physiologi¬ 
cal  processes  that  contribute  to  the  differences  among  anesthetic  agents  for 
induction  and  maintenance  of  anesthesia  during  hemorrhage  will  be  defined. 
Swine  are  used  as  the  experimental  model,  examining  the  rationale  and 
physiology  of  use  of  nitrous  oxide,  enflurane,  isoflurane,  halothane, 
thiopental  and  ketamine  for  induction  of  anesthesia  during  the  hypovolemic 
condition. 

The  products  of  this  project  will  be  important  and  meaningful  data  and 
recommendations  to  be  provided  USAMRDC,  AHS,  and  ultimately  the  user--the 
anesthetist  in  a  combat  environment— regarding  use  (potential  advantages 
and  disadvantages)  of  anesthetic  agents  for  acutely  injured  soldiers. 


4.  FOREWORD 


In  conducting  the  research  described  in  this  report,  the  investigator 
adhered  to  the  "Guide  for  Laboratory  Animal  Facilities  and  Care"  as  promul¬ 
gated  by  the  Committee  on  the  Guide  for  Laboratory  Animal  Resources, 
National  Academy  of  Sciences-National  Research  Council. 
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Body  of  Report 


A.  Background: 


1.  Overall  Objectives; 

The  long-term  objectives  of  this  research  project  are  to  improve  the 
physiological  management  of  moderately  and  severely  injured  soldiers,  and 
thereby  (a)  improve  the  return-to-duty  rate  of  the  combat- injured,  and  (b) 
reduce  morbidity  and  mortality  of  the  combat- injured.  Certain  portions  of 
the  project  also  focus  on  attempts  to  reduce  resource  (primarily  materiel 
and  logistical  support)  util i2at ion  required  for  accomplishment  of  (a)  and 
(b)  above. 

This  research  examines  the  interaction  of  anesthetic  agents  appropriate 
for  use  in  a  combat  environment,  with  hemorrhage.  In  doing  so,  we  also 
attempt  to  define  the  physiological  processes  that  contribute  to  the  differ¬ 
ences  among  anesthetic  agents  during  hemorrhage  and  the  div'ferences  between 
the  physiological  effects  of  anesthetics  duri.ig  normovolemia  and  during 
hypovolemia.  It  is  hoped  that  improved  management  will  result  from  such  an 
understanding. 

2.  Introduction : 

Further  advances  for  forward  resuscitation  and  in  management  of  the 
combat-wounded  will  depend,  in  part,  on  the  acquisition  and  application  of 
physiological  principles  and  understanding  of  the  interaction  of  anesthetic 
agents  and  techniques  with  physiology  and  pathophysiology. 

Within  the  past  twenty  years,  there  has  been  a  vast  proliferation  of 
research  in  anesthesia  and  anesthesia-related  fields.  Despite  the  informa¬ 
tion  gained,  the  paucity  of  knowledge  upon  which  anesthesiologists  must 
base  crucial,  life-determining  decisions  regarding  the  anesthetic  care  of 
the  acutely  wounded  soldier  is  distressingly  evident  in  the  chapter  on 
“Anesthesia  and  Analgesia"  of  the  First  US  Revision  of  the  Emergency  War 
Surgery  NATO  Handbook  (2).  The  NATO  handbook  quite  accurately  reflects, 

"In  the  wounded  who  require  surgery,  the  most  significant  alterations  in 
physiology  involve  the  circulatory  and  respiratory  systems."  The  anesthe¬ 
siologist  in  a  combat  environment,  in  order  to  be  able  to  make  intelligent, 
informed  decisions  for  the  proper  care  of  his  patient,  must  have  the 
knowledge  of  the  appropriate  normal  physiology,  abnormal  pathophysiology, 
and  how  both  are  altered  by  the  drugs,  agents,  and  techniques  he  may 
utilize. 

In  addition  to  ensuring  adequate  ventilation  and  gas  exchange,  the 
anesthesiologist  must  also  be  concerned  with  optimizing  cardiovascular 
function  and  selecting  agents  and  techniques  that  will  provide  the  appro¬ 
priate  alterations  in  cardiac  output,  peripheral  vascular  resistance,  total 
body  oxygen  consumption,  systemic  blood  pressure,  myocardial  work,  myocar¬ 
dial  oxygen  consumption,  and  pulmonary  vascular  resistance.  Lacking  the 


ability  to  create  appropriate  alterations,  he  should,  at  the  worst,  have 
the  ability  to  select  the  agents  and  techniques  that  will  do  the  least  harm. 
Myocardial,  cerebral,  and  peripheral  tissue  blood  flow  must  be  maintained 
at  levels  sufficient  for  aerobic  metabolism. 


All  anesthetic  agents  have  profound  influence  on  all  the  variables 
listed  above.  Halothane,  fluroxene,  diethyl  ether,  and  cyclopropane,  in 
normal,  healthy,  young  male  human  volunteers,  all  elevate  mean  right  atrial 
pressure,  increase  skin  blood  flow  and  decrease  oxygen  consumption  and  base 
excess  (3-11).  Ether,  fluroxene,  and  cyclopropane  cause  minimal  or  no 
decrease  in  cardiac  output,  stroke  volume,  left-ventricular  work,  stroke 
work,  and  mean  arterial  pressure  (5).  Halothane,  fluroxene,  and  ether 
decrease  total  peripheral  resistance,  while  cyclopropane  significantly 
increases  it.  Unlike  other  anesthetic  agents,  deep  fluroxene  anesthesia 
causes  a  rise  in  arterial  pressure  (3-5)  as  a  result  of  increased  central 
sympathetic  outflow  (12). 

Enflurane  during  spontaneous  ventilation  results  in  increased  PaCO?, 
greatly  decreased  systemic  vascular  resistance,  reduced  mean  arterial  blood 
pressure  and  stroke  volume,  but  an  increased  heart  rate  and  cardiac  output 
U3).  The  investigators  attributed  the  latter  to  be  a  result  of  ''beta- 
sympathetic-like-stimulation''  in  response  to  elevated  arterial  CO2  concen¬ 
trations.  When  ventilation  is  controlled  so  that  PCO2  is  normal,  cardiac 
output  decreases  in  comparison  with  the  awake  state. 

Isoflurane,  a  relatively  new  inhalational  agent,  which  has  been  re¬ 
leased  recently  by  the  FDA  for  noninvest igational  use,  has  been  shown  in 
unpremedicated,  healthy  young  male  volunteers  to  preserve  cardiac  output 
unchanged,  decrease  stroke  volume,  arterial  pressure,  peripheral  resistance, 
1^02  and  left-ventricular  work,  while  increasing  right  atrial  pressure 
and  Q/VO2  during  constant  PaC02,  maintained  by  controlled  ventilation  (14). 
During  spontaneous  ventilation,  cardiac  output  and  heart  rate  rise  further 
as  a  result  of  rise  in  PaC02,  despite  the  blunting  of  the  cardiovascular 
response  to  CO2  by  isoflurane  (15). 


Nitrous  oxide,  first  prepared  by  Priestly  in  1772,  and  first  demon¬ 
strated  to  have  anesthetic  properties  by  Sir  Humphrey  Davey  in  1800,  is 
not  sufficiently  potent  for  sole  use  as  an  anesthetic  agent.  Hyperbaric 
studies  have  demonstrated  that  at  normal  barometric  pressure  approximately 
110%  N2O  would  be  requiicd  to  produce  anesthesia.  Nevertheless,  N2O 
is  almost  universally  added  to  other  inhalation  agents  to  reduce  the 
concentration  of  the  other  inhalarion  anesthetic.  The  rationale  for  this 
practir  was  originally  related  to  the  now-di scarded  belief  that  N2O, 
beyond  ns  analgesic/anesthetic  properties,  had  no  other  phannacological 
actions.  Within  the  past  10-15  years,  information  has  been  gathered 
regarding  cardiovascular  actions  of  N2O  in  experimental  animals  as  well 
as  in  man.  Because  of  the  wide  variations  in  experimental  designs,  the 
results  are  not  clear.  Many  variables  appear  to  influence  greatly  the 
cardiovascular  action  of  N2O,  e.g.,  type  of  ventilation,  prior  adminis¬ 
tration  of  drugs,  background  anesthetic  agent,  duration  of  administration 


of  N2O  prior  to  measurement,  patient  age,  and  patient  physical  status. 

Smith  et  al.  (16)  also  suggested  (without  supporting  evidence  or  citation 
of  any  references)  that  the  “extent  of  .  .  .  trauma  or  blood  loss"  probably 
influences  the  cardiovascular  action  of  N2O.  When  added  to  halothane, 

N2O  appears  to  result  in  cardiovascular  stimulation  in  normal  man  (17,18), 
in  cardiac  patients  (19),  and  in  the  normal  dog  (20-22),  although  Hill  et 
al.  (23)  noted  cardiovascular  depression  with  the  addition  of  N2O  to 
halothane  in  patients  with  heart  disease  (for  operation  for  aortic  or 
mitral  valve  replacement  or  coronary  artery  bypass  graft),  and  Brower  and 
Merin  (24)  failed  to  note  significant  cardiovascular  action  of  N2O  upon 
its  addition  to  halothane  anesthesia  in  swine.  Stimulation  is  seen  in  man 
with  the  addition  of  nitrous  oxide  to  fluroxene  (25),  diethyl  ether  (26), 
and  isoflurane  (27)  anesthesia.  In  contrast.  Smith  et  al.  (16)  recently 
observed  minimal  cardiovascular  changes  with  the  addition  of  N2O  to 
enflurane  anesthesia.  With  the  addition  of  N2O  to  a  background  of 
narcotic  anesthesia,  cardiovascular  depression  is  frequently  noted  in  man 
(28,29)  and  in  dogs  (30). 

Cardiovascular  stimulation  in  man  by  the  addition  of  N2O  to  all  inha¬ 
lation  anesthetic  agents  except  enflurane  is  likely  an  indirect  effect. 
Nitrous  oxide  was  previously  thought  to  spare  the  myocardium  of  depression 
and  cause  a  minimal  peripheral  vasoconstriction  (31-33),  probably  through 
an  increase  in  sympathetic  activity  (32).  Recent  work  has  demonstrated  a 
direct  decrease  in  myocardial  contractile  force  by  505t  N2O  (34).  This  is 
not  as  great  a  reduction  as  caused  by  an  equipotent  anesthetic  concentration 
of  halothane  (34,35).  In  in  vivo  studies,  the  stimulation  of  sympathetic 
nervous  activity  by  N2O  would  tend  to  antagonize  the  direct  myocardial 
depression  (36,37) . 

Despite  the  stimulation  seen,  it  appears  that  N2O  does  not  enhance 
the  overall  margin  of  safety  of  Inhalation  anesthetic  agents  with  respect  to 
the  amount  of  agent  required  to  produce  respiratory  or  cardiac  arrest  (38). 
Nevertheless,  N2O  continues  to  be  used  ubiquitously  unless  the  patient 
physiologically  requires  very  high  concentrations  of  inspired  oxygen. 

The  stimulatory  response  requires  a  system  capable  of  providing  a  rela¬ 
tively  intact  sympathetic  response.  This  may  be  neither  true  nor  desirable 
during  hypovolemia.  This  consideration  does  not  appear  to  have  been  tested. 

With  the  introduction  of  thiopental,  induction  of  anesthesia  by  intra¬ 
venous  anesthetics  became  popular.  With  the  entry  of  the  U.S.  into  World 
War  li,  much  debate,  based  on  anecdotal  experience,  arose  regarding  the 
wisdom  of  the  use  of  thiopental  in  a  military  setting  (39-50).  The  predomi¬ 
nant  opinion  appears  to  have  been  that  thiopental  should  not  be  used  for 
induction  of  anesthesia  in  cases  of  severe  trauma  or  shock  (43,45).  How¬ 
ever,  anesthetic  practice  today  differs  a  g'reatly  from  that  employed  in  the 
early  1940s.  At  that  time,  supplemental  oxygen  was  not  administered  to  all 
patients;  nor  was  it  even  available  on  a  routine  basis.  Patients  breathed 
spontaneously.  The  doses  of  thiopental  that  were  employed  (minimum  of  0.5 
arams;  most  often  several  grams)  are  by  today's  standards,  grossly  exr  .sive, 
especially  for  patients  with  abnormal  hemodynamics. 


Although  thiopental  did  become  the  subject  of  research  centered  on 
its  hemodynamic  properties  indicating  myocardial  depression  (51)  and  reduc¬ 
tion  of  vasomotor  tone  (52),  its  use  for  induction  during  hypovolemia  has 
not  been  studied  systematically. 

More  recently,  a  relatively  new  agent,  ketamine,  has  been  advocated 
for  use  in  hypovolemic  shock  (53).  In  doses  of  2  mgAg  IV,  given  to  fit 
patients  without  premedication,  ketamine  has  been  shown  to  increase  heart 
rate  36X,  systolic  blood  pressure  41X,  diastolic  blood  pressure  40%,  mean 
arterial  pressure  40%,  cardiac  output  57%,  and  stroke  volume  22%  (54,55). 
This  effect  is  probably  mediated  through  vagolytic  activity  through  baro- 
receptor  blockade  (56-58)  and  central  adrenergic  stimulation  with  peripheral 
alpha  effect  (56,59-62).  Low  doses  (1-2  mg/kg  IV)  result  in  a  variable 
positive  inotropic  effect  (63,64),  whereas  high  doses  are  negatively 
inotropic  (65-67).  Unfortunately,  ketamine  is  relatively  short-acting 
(20-30  minutes),  and  repeat  injections  have  been  reported  to  have  less  or 
no  pressor  response  (54,68,69).  Premedication  with  atropine  attenuates  the 
cardiovascular  response  to  ketamine  (70-73).  When  ketamine  is  given  during 
general  anesthesia,  a  depressor  response  is  elicited  (74-76). 

Ketamine  has  been  used  as  an  induction  agent  for  hypovolemic  shock. 

In  dogs.  Virtue  et  al.  (67)  noted  a  modest  (4%)  Increase  in  blood  pressure, 
and  Gassmer  et  al.  (77)  noted  an  increase  in  blood  pressure  and  heart  rate 
in  hypotensive  cats  on  induction  with  ketamine.  These  studies,  however, 
did  not  quantitate  the  degree  of  hypovolemia.  In  30  humans  in  "hemorrhagic 
shock",  Corssen  et  al.  (78)  reported  a  17%  increase  in  systolic  blood 
pressure  upon  induction  with  an  unspecified  dose  of  ketamine.  Chasapakis 
et  al.  (79)  noted  a  similar  response  in  13  similar  patients  premedicated 
with  atropine  and  given  ketamine  2  mg/kg  IV  and  pancuronium  4  mg  IV  for 
induction.  Unfortunately,  none  of  these  studies  quantitated  the  degree  of 
hypovolemia  nor  commented  upon  continued  intraoperative  course;  nor  did 
they  compare  ketamine  with  other  agents.  Most  of  this  literature  regarding 
ketamine  has  been  of  less  than  good  quality. 

With  the  exceptions  noted,  the  phannacology  described  above  was 
learned  from  anesthetizing  either  normal  animals  or  normal,  young,  healthy 
men.  It  is  inappropriate  to  atteiipt  to  translate  these  pharmacological 
findings  from  normal  man  to  hypovolemic  man.  Many  of  the  indirect  but 
important  cardiovascular  actions  of  anesthetic  agents,  especially  those  of 
enflurane,  isoflurane,  nitrous  oxide,  and  ketamine,  require  an  intact 
sympathetic  response.  Hemorrhage  results  in  sympathetic  discharge  (90). 
Further  sympathetic  outflow  may  he  neither  possible  nor  desirable. 

Only  two  studies  have  compared  anesthetic  agents  during  hemorrhage 
(ai  ,82).  Theye  et  al .  (81)  compared  survival  times  during  removal  of  0-40 
ml-kg’l  of  blood  from  dogs  with  intact  spleens,  ventilated  and  anesthe¬ 
tized  with  cyclopropane,  halothane,  or  isoflurane.  Prior  to  blood  loss, 
cyclopropane  resulted  in  higher  cardiac  output  and  mean  arterial  blood 
pressure  than  either  halothane  or  isoflurane,  presumably  as  a  result  of 
higher  arterial  epinephrine  concentration.  With  hemorrhage,  cardiac  output 


and  mean  arterial  blood  pressure  fell  more  rapidly  with  cyclopropane  than 
with  either  inhalation  agent;  arterial  epinephrine  increased  more  rapidly 
with  cyclopropane  than  with  either  inhalation  agent;  oxygen  consumption 
fell  the  most  and  arterial  lactate  concentration  increased  the  most  with 
cyclopropane.  Survival  time  was  shorter  with  cyclopropane  than  with  either 
isoflurane  or  halothane. 

We  have  compared,  in  splenectomized  dogs,  the  cardiorespiratory  influ¬ 
ences  of  graded  hemorrhage  (0,  10,  20,  and  30i  blood  loss)  during  enflurane, 
halothane,  isoflurane,  and  ketamine  anesthesia  with  spontaneous  ventila¬ 
tion  (82).  Diethyl  ether  and  cyclopropane  were  not  studied  because  of 
their  flammability  and  explosive  potential  and,  therefore,  impractical ity 
in  a  battlefield  medical  facility  environment.  In  comparison  with  the  rwake 
state  during  normovolemia,  of  the  agents  studied,  only  ketamine  provide! 
cardiovascular  stimulation  (increased  heart  rate  and  cardiac  output),  wnile 
enflurane  resulted  in  the  greatest  depression  of  cardiovascular  function 
(decreased  mean  arterial  blood  pressure,  cardiac  output,  and  stroke  volume). 
With  graded  blood  loss,  cardiac  output  decreased  more  rapidly  with  ketamine 
than  with  all  of  the  three  inhalation  agents,  so  that  by  30<  hemorrhage 
there  was  no  difference  in  cardiac  output  among  halothane,  isoflurane,  and 
ketamine.  In  response  to  hemorrhage,  systemic  vascular  resistance  increased 
most  with  ketamine.  Thus,  at  30X  blood  loss,  mean  arterial  blood  pressure 
was  highest  with  ketamine.  Rate-pressure  product  and  minute  work  were 
highest  with  ketamine  throughout  hemorrhage  except  for  minute  work  at  30X 
blood  loss.  This  was  reflected  in  total  body  oxygen  consumption  being 
highest  with  ketamine  at  0-20X  blood  loss.  Oxygen  consumption  did  not 
change  with  hemorrhage  with  any  inhalation  agent,  but  decreased  with  hemor¬ 
rhage  with  ketamine,  suggesting  that  oxygen  demand  was  not  met;  arterial 
blood  lactate  concentration  increased  with  hemorrhage  only  with  ketaniine. 
Under  these  conditions  of  the  experiments  of  Theye  (81)  and  our  own  (82), 
sympathetic  stimulation  appears  to  be  an  undesirable  property  of  an  anes¬ 
thetic  agent  when  used  for  maintenance  of  anesthesia  during  moderate 
hypovolemia.  These  experiments  (82)  were  performed  while  the  dogs  breathed 
spontaneously,  and  resulted  in  differing  arterial  PCO2  among  the  anesthetic 
agents.  Although  the  cardiovascular  stimulation  caused  by  carbon  dioxide 
(15,82)  is  blunted  by  anesthetic  agents  (15,18,83,84),  the  varying  levels 
of  CO2  among  the  agents  may  have  influenced  the  results. 

The  renin-angiotensin  (R-A)  system  also  plays  an  important  role  in  the 
physiologic  response  to  and  compensation  for  hemorrhage  (86-91).  The  influ¬ 
ence  of  anesthetic  agents  on  the  R-A  system  has  received  some  attention, 
with  conflicting  results  (92-98).  However,  under  normal  circumstances,  the 
R-A  system  appears  not  to  be  an  important  controller  of  cardiovascular 
dynamics  during  anesthesia  (97).  This  is  not  the  case,  however,  in  some 
specific  circumstances  of  altered  cardiovascular  dynamics.  When  hypotension 
is  intentionally  created  by  vasodilation  with  nitroprusside  in  anesthetized 
animals,  the  R-A  system  plays  an  important  role  in  preventing  what  would 
otherwise  be  a  far  greater  fall  in  systemic  blood  pressure  (i.e.,  it  pro¬ 
duces  significant  compensation)  (99-100).  The  R-A  system  is  also  respon¬ 
sible  for  the  rebound  hypertension  observed  following  discontinuation  of 


nitroprusside  (101-102).  In  sodium-depleted  animals,  the  R-A  system  is  an 
important  regulator  of  blood  pressure  during  anesthesia  (103).  These  lines 
of  evidence,  indicating  that  anesthetic  agents  decrease  blood  pressure  in 
states  where  the  R-A  system  is  activated,  lead  one  to  suspect  that  this  may 
also  be  the  case  during  hemorrhage.  Although  this  hypothesis  has  also  been 
suggested  by  others  (97),  it  does  not  appear  to  have  been  tested. 

Understanding  the  interaction  of  anesthetic  agents  with  the  R-A  system 
during  hemorrhage  offers  the  possibility  of  improved  casualty  management 
through  appropriate  selection  of  anesthetic  agents  and  R-A  stimulants  or 
blockers. 

There  is  no  scientifically  derived  information  regarding  the  actions 
of  anesthetic  agents  when  used  for  induction  of  anesthesia  in  a  hypovolemic 
condition.  The  work  described  in  this  report  represents  the  initiation  of 
efforts  to  delineate  the  interactions  of  anesthetic  agents  and  cardiovas¬ 
cular  control  mechanisms  and  effects  during  significant  hypovolemia. 
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B.  Approach; 


Young  domestic  swine  (Chester-White-Yorkshire  mix  breed;  18-21  kg) 
are  being  used  to  investigate  the  cardiovascular  and  metabolic  response  to 
induction  of  anesthesia  during  hypovolemia.  We  use  swine  because  (a)  dogs 
are  becoming  increasingly  difficult  to  obtain  for  purposes  of  research;  (b) 
swine  are  readily  available  in  nearly  uniform  size;  (c)  in  cardiovascular 
physiology,  the  swine  more  closely  resembles  man  than  does  the  dog;  (d) 
swine  hemorrhage  models  have  been  used  successfully  by  others.  Although 
we  were  not  aware  of  it  at  the  initiation  of  this  project,  Hannon  at  the 
Letterman  Army  Institute  of  Research  has  had  good  recults  bleeding  awake 
swine  of  approximately  the  same  size  we  use  (104-105).  His  animals  have 
been  bled  by  as  much  as  SOX  of  their  estimated  blood  volume  while  unanes¬ 
thetized  and  unrestrained,  von  Engelhardt  reviewed  the  cardiovascular 
parameters  of  swine,  although  much  of  the  data  was  accumulated  in  anesthe¬ 
tized  animals  (106).  Awake  swine  have  been  used  to  investigate  renal  blood 
flow  at  rest  and  during  exercise  (107),  capillary  flow  during  hemorrhagic 
shock  (108),  humoral  response  to  hemorrhage  (109;,  and  myocardial  metabolism 
after  hemorrhage  (110).  The  anesthetized  pig  has  been  used  for  a  variety 
of  studies,  including  hemorrhage  (111-117),  efficacy  of  stromal-free  hemo¬ 
globin  (118),  and  myocardial  effects  of  anesthetic  agents  (119). 

Our  animals  are  first  briefly  anesthetized  with  an  inhalation  agent  to 
allow  for  placement  of  peripheral  venous,  arterial,  and  thermistor-tipped 
pulmonary  arterial  cannulae.  The  trachea  is  intubated,  the  animal  paralyzed 
and  ventilated  with  a  tidal  volume  of  20  ml/kg,  and  ventilatory  rate  ad¬ 
justed  to  maintain  arterial  PCO2  at  40  torr. 

Inspired  partial  pressu»e  of  oxygen  in  arterial  blood  (Pj02)  is  ad¬ 
justed  to  maintain  partial  pressure  of  oxygen  in  arterial  blood  (Pa02)  at 
approximately  150  torr.  The  balance  of  inspired  gas  is  nitrogen.  End- 
tidal  partial  pressures  of  O2,  CO2,  N2,  N2O,  isoflurane,  enflurane, 
and  halothane  are  monitored  at  the  endotracheal  tube  orifice  by  mass  spec¬ 
troscopy.  The  pig  is  paralyzfd  with  metocurine,  0.2  mg/kg“l  IV,  and 
supplemented  as  required.  Metocurine  is  used  because  of  its  lesser 
cardiovascular  effects  when  compared  with  pancuronium,  gallamine,  or 
d-tubocurarine  (120).  A  percutaneous  venous  catheter  is  placed  in  a 
forelimb  and  a  femoral  arterial  catheter  is  placed  percutaneously.  A 
thermistor-tipped  flow-directed  Swan-6anz  catheter  is  introduced  per¬ 
cutaneously  through  a  femoral  vein  into  the  pulmonary  artery.  Placement  is 
verified  by  pressure  trace  and  the  ability  to  obtain  pulmonary  arterial 
(capillary)  wedge  pressure.  Throughout  these  experiments,  each  dog's 
temperature  (measured  by  the  PA  catheter  thennistor)  is  maintained  within 
±  1  C*  of  the  animal's  original  temperature.  Following  placement  of 
all  cannulae  and  elimination  of  anesthetic  agents  by  continued  ventilation. 


measurements  are  made  in  the  normovolemic  condition.  Samples  are  withdrawn 
from  the  femoral  arterial  and  pulmonary  arterial  catheters  for  measurement 
of  arterial  and  mixed  venous  blood  gases,  pH,  and  oxygen  concentration. 

Blood  gases  are  measured  by  Radiometer  electrodes  in  Radiometer  steel-and- 
glass  cuvets;  pH  is  measured  with  a  Severinghaus-UC  electrode  (121),  all 
thermostatically  controlled  at  37*  C.  Oxygen  concentration  is  measured  by 
an  electrolytic  cell  (LEX-02-Con-TL)  (122).  As  an  indicator  of  tissue 
oxygenation,  blood  samples  are  also  withdrawn  for  the  measurement  of 
lactate  and  pyruvate  concentrations.  To  assess  each  anesthetic  agent's 
influence  on  the  sympathetic  response  to  hemorrhage,  blood  is  sampled  for 
measurement  of  total  catecholamine,  epinephrine,  and  norepinephrine  concen¬ 
trations  (123).  To  assess  experimental  effects  on  the  renin-angiotensin 
system,  arterial  blood  is  sampled  for  assay  of  plasma  renin  activity  (124). 
Femoral  arterial  and  pulmonary  arterial  blood  pressures  are  continuously 
transduced  by  Statham  230b  transducers.  Pulmonary  arterial  wedge  pressure 
is  measured  by  inflation  of  the  balloon  of  the  pulmonary  arterial  catheter. 
Right  atrial  pressure  is  measured  via  the  proximal  lumen  of  the  Swan-6anz 
cannula.  Cardiac  output  is  estimated  by  a  thermodilution  technique,  inject¬ 
ing  3  ml  of  0*  C  0.956  saline  through  the  pulmonary  arterial  catheter,  and 
using  an  analog  computer  (Edwards  Laboratories  Model  9520A).  Electrocardio¬ 
gram  is  constantly  monitored. 

The  following  variables  are  recorded  on  a  multi-channel  polygraph  and 
on  an  FM  magnetic  tape  recorder  for  later  playback  as  required,  and  for 
playback  to  a  digital  computer  (N.B.:  the  digital  computer  belongs  to 
another  laboratory  and  is  not  available  during  experimental  periods):  par¬ 
tial  pressures  of  oxygen,  carbon  dioxide,  nitrous  oxide,  enflurane,  isoflu- 
rane,  and  halothane  at  the  tracheostomy  tube  orifice;  femoral  and  pulmonary 
arterial  blood  pressures  (phasic;  mean  pressures  are  electrically  generated 
by  the  pre-amplifier;  pulmonary  arterial  wedge  pressure  and  right  atrial 
pressure  are  recorded  on  the  same  channel  as  phasic  and  mean  pulmonary 
artery  pressure);  electrocardiogram;  thermodilution  trace  from  the  PA  cathe¬ 
ter  thermistor--necessary  to  ensure  that  the  washout  is  logarithmic  and  that 
the  computer-derived  cardiac  output  value  is  valid.  From  these  measurements, 
the  following  are  calculated:  base-excess  (125-126),  stroke  volume,  mean 
arterial  and  pulmonary  pressure,  stroke  and  minute  myocardial  work,  systemic 
and  pulmonary  vascular  resistances,  total-body  oxygen  consumption  (cardiac 
output  X  Ca-v02)  oxygen  transport,  and  ratio  of  oxygen  transport  to  oxygen 
consumption.  Following  these  measurements,  the  pig  is  bled  during  a  30- 
minute  period  of  30%  of  its  blood  volume  (106)  through  the  arterial  catheter 
into  a  transfer  pack  containing  heparin  so  that  the  final  concentration  of 
heparin  is  1  unit  heparin/ml  of  blood.  After  a  minimum  of  30  minutes,  all 
measurements  are  repeated.  Thus,  we  evaluate  each  swine  awake  in  the  normo¬ 
volemic  condition,  and  following  30%  hemorrhage. 

Each  pig  is  randomly  assigned  to  one  of  the  anesthetic  groups  (each 
having  10  swine)  listed  below.  With  the  animal  hypovolemic,  we  then  induce 
anesthesia  with  one  of  the  following: 
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Group  I: 

Control;  no  anesthetic  agent  administered 

Group  II: 

Enflurane,  1.25  %  end-tidal 

Group  III: 

Halothane,  0.50%  end-tidal 

Group  IV: 

Isoflurane,  0.85%  end-tidal 

Group  V: 

Nitrous  oxide,  60%  end-tidal 

Group  VI: 

Ketamine  (for  IV  dose,  see  below) 

Group  VII: 

Thiopental  (for  IV  dose,  see  below) 

The  concentrations  of  inhalation  agents  have  '.een  selected  to  be 
slightly  greater  than  one-half  the  required  minimal  alveolar  concentration 
in  the  normovolemic  animal  [hypotension  reduces  anesthetic  requirement 
(127)].  The  doses  of  injectable  agents  (thiopental  and  ketamine)  are  es¬ 
tablished  in  the  following  manner.  Twenty-four  to  48  hours  before  experi¬ 
mentation,  with  the  pig  (normovolemic)  resting  quietly  in  a  sling,  the 
amount  of  intravenous  agent  required  to  produce  loss  of  lid  and  corneal 
reflexes  and  loss  of  response  to  ear-pinch  is  determined.  The  dose  used 
for  induction  of  anesthesia  during  hypovolemia  is  one-half  the  dose  estab¬ 
lished  during  normovolemia  24-48  hours  previously.  Ear-pinch  following 
induction  with  this  dose  during  hypovolemia  has  failed  to  elicit  any 
response. 

End-tidal  gas  partial  pressures,  systemic  and  pulmonary, artery  pres¬ 
sures,  and  ECG  are  continuously  recorded  during  induction.  Q,  PAPw,  and 
RAP  are  measured  every  5  minutes  during  induction  of  anesthesia. 

All  measurements,  calculations,  and  blood  samplings  (as  indicated 
above  for  the  awake  conditions)  are  performed  at  5  and  30  minutes  after 
induction  of  anesthesia.  In  this  way,  both  the  transient  and  quasi  steady- 
state  conditions  are  assessed. 

Following  these  measurements,  shed  blood  is  returned,  and  after  30 
minutes,  all  measurements,  samplings,  and  calculations  are  repeated. 
Anesthesia  is  then  discontinued  and  calculations  repeated  15  minutes  after 
the  elimination  of  the  anesthetic  agent. 

This  experimental  approach  will  allow  us  to  show  the  influence  of  time 
(physiologic  compensation,  or  deterioration,  if  any)  on  the  preparation  by 
comparison  of  data  obtained  during  the  course  of  experimentation  within 
the  control  group,  and  by  comparison,  within  each  anesthetic  group,  of  the 
awake  normovolemic  values  prior  to  hemorrhage  with  similar  values  after 
return  of  shed  blood  and  elimination  of  anesthetic  agents. 

The  data  will  show  the  comparative  cardiovascular  influence  of  anesthe¬ 
tic  agents  used  for  induction  of  anesthesia  during  significant  hypovolemia. 


These  results  will  allow  us  to  provide  recommendations  to  USAMRDC 
regarding  choice  of  anesthetic  agents  for  use  for  induction  of  anesthesia 
in  a  wounded  soldier  who  is  hypovolemic,  and  whose  blood  volume  cannot  be 
adequately  restored  prior  to  surgery.  These  results  may  also  allow  us  to 
assess  the  efficacy  of  N2O  during  hypovolemia  and  to  make  a  recommendation 
regarding  the  continuation  of  supplying  N2O  to  a  battlefield  medical 
facility. 

Statistical  Treatment  of  Data;  Cardiovascular  and  metabolic  variables 
among  anesthetic  agents  and  the  control  group  will  be  compared  using  analy¬ 
sis  of  variance  with  repeated  measures,  and  Neuman-Keuls  method  of  multiple 
comparisons  (128).  Similar  statistical  tests  will  be  performed  to  compare 
the  awake  hypovolemic  with  the  anesthetized  hypovolemic  state,  as  well  as 
the  awake  normovolemic  with  the  awake  hypovolemic  state.  These  tests  will 
be  conducted  as  the  series  of  experiments  progresses,  and  the  experiments 
will  be  terminated  upon  achieving  statistical  significance  (P  <  0.05)  among 
anesthetic  agents,  thus  affording  the  possibility  of  using  fewer  than  the 
stated  number  of  animals. 
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C.  Results; 


1.  Awake  Hemorrhage; 

We  have  successfully  established  the  awake  hemorrhagic  swine  model  in 
our  laboratory.  Loss  of  30X  of  estimated  blood  volume  results  in  physio¬ 
logic  sequelae  similar  to  those  occurring  in  other  laboratory  animals  and 
man.  Data  are  shown  in  table  1  (p  31).  Thirty  per  cent  hemorrhage  causes 
decreased  right-  and  left-sided  filling  pressures  (right  atrial  and  pulmo¬ 
nary  arterial  wedge  pressures),  resulting  in  a  44X  decrease  in  cardiac 
output.  Despite  an  increase  in  plasma  renin  activity  and  catecholamine 
concentration,  resulting  in  increased  systemic  and  pulmonary  vascular 
resistances,  compensation  was  inadequate.  Mean  arterial  blood  pressure 
fell  27X,  and  mean  pulmonary  arterial  pressure,  28X.  Although  total-body 
oxygen  consumption  did  not  change,  systemic  hypoperfusion  was  evident  from 
increased  blood  lactate  concentration  and  decreased  base  excess. 

2.  Induction  of  Anesthesia  during  Hypovolemia; 

We  have  now  completed  approximately  two  induction  experiments  with 
each  agent.  Although  it  is  too  early  to  apply  statistical  analysis  to  the 
results,  some  general  trends  appear.  The  control  animals  (no  anesthetic 
administered)  show  stable  results  with  time.  All  agents  (including  keta¬ 
mine)  appear  to  result  in  hypotension  following  induction  during  hypovolemia. 
The  mechanisms  causing  hypotension  may  not  be  the  same  for  all  anesthetics. 


D.  Discussion: 


The  swine  appears  to  be  a  quite  satisfactory  animal  for  laboratory 
investigations  involving  hemorrhage.  Swine  are  more  readily  available 
than  dogs,  and  in  more  uniform  size.  Their  cardiovascular  physiology  more 
closely  resembles  that  of  man  than  does  the  dog.  Their  response  (cardio¬ 
vascular,  metabolic,  hormonal)  to  hemorrhage  is  entirely  in  keeping  with 
what  is  known  from  other  laboratory  animals  and  man.  Of  passing  note,  we 
were  not  able  to  substantiate  the  claim  of  others  (106)  that  the  swine  has 
high  pulmonary  artery  pressure. 

Our  animals  are  undoubtedly  not  "at  rest"  as  are  those  of  Hannon  (104- 
105).  However,  it  is  necessary  to  ventilate  the  awake  normovolemic  animals 
in  order  to  conduct  valid  comparison  of  that  state  with  the  state  following 
induction  of  anesthesia.  Nevertheless,  the  awake  normovolemic  values  for 
our  swine  appear  to  fall  within  the  broad  range  of  values  reported  by 
others  for  unanesthetized  swine  (104-110,129).  Hannon  (104)  has  discussed 
the  possible  reasons  for  data  variability  in  the  literature,  and  those  need 
not  be  repeated  here. 


Conclusions: 


The  investigation  is  in  progress;  thus,  conclusions  are  not  possible. 


F. 


Recommendations: 


1.  Swine  should  be  considered  for  increased  use  for  studies  involving 
hemorrhage. 

2.  The  study  described  in  this  report  should  be  completed. 

3.  Studies  should  be  initiated  to  delineate  the  mechanisms  causing 
hypoperfusion  with  induction  of  anesthesia  during  nypovolemia.  These  inves¬ 
tigations  are  likely  to  result  in  ability  to  improve  casualty  management  of 
induction  of  anesthesia  during  hypovolemia. 
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9.  Tables 


Table  1.  Awake  Swine  Cardiovascular  Response  at  30%  Blood  Loss 


Awake  Blood  Loss 


Variable 

0% 

30% 

Right  atrial  pressure,  torr 

2.0  +  0.6 

0.0  +  0.4^** 

Pulmonary  arterial  wedge  pressure,  torr 

2.4  +  0.3 

0.6  +  0.3**** 

Heart  rate,  beats/mi n 

121  +  9 

179  +  15**** 

Systemic  vascular  resistance,  units 

35.7  +  1.4 

48.0  +  3.2*** 

Pulmonary  vascular  resistance,  units 

3.03  +  0.16 

4.45  +  0.38**** 

Cardiac  output,  ml/min/kg 

180  +  7 

101  +  5**** 

Mean  systemic  arterial  pressure,  torr 

131  +  4 

95  +  7**** 

Mean  pulmonary  arterial  pressure,  torr 

13.5  +  0.5 

9.7  +  0.5**** 

Oxygen  consumption,  ml  02/mi n/kg 

8.45  +  0.32 

8.21  +  0.35 

Base-excess,  mmol/liter 

3.6  +  0.6 

1.1  +  0.8*** 

Blood  lactate,  mmol/liter 

1.5  +  0.3 

2.4  +  0.3*** 

Plasma  epinephrine,  pg/ml 

247  +  32 

1395  +  362* 

Plasma  norepinephrine,  pg/ml 

137  +  18 

485  +  212 

Plasma  renin  activity,  ng/ml 

18.5  +  2.5 

41.1  +  4.2*** 

n  =  17;  n  =  7  for  catecholamine  concentrations  and  plasma 

renin  activity. 

*P  <  0.05 

**P  <  0.01 

***P  <  0.005 

****P  <  0.001 
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12.  Addenda 


A.  Problems: 


Several  problems  have  been  encountered  during  this  contract  period. 

1.  A  key  piece  of  equipment  was  delayed  in  arrival  (1  March  1981), 
and,  thus,  contract  work  could  not  begin  until  that  date  (as  indicated  in 
quarterly  report  #1,  dated  30  December  1980). 

2.  Dogs  became  increasingly  difficult  to  obtain,  and  thus  the  model 
was  switched  to  swine  (as  indicated  in  quarterly  report  #1,  dated 

30  December  1980).  Although  swine  have  proven  to  be  quite  satisfactory, 
this  did  result  in  some  additional  delays  (as  indicated  in  quarterly  report 
#3,  dated  8  July  1981) . 

3.  We  occasionally  continue  to  encounter  some  minor  difficulty  in 
obtaining  swine  of  the  proper  weight  for  the  experimental  dates  desired. 
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Abstract 

Weiskopf,  R.B.,  Townsley,  Mil.,  Riordan,.  K.K. ,  Harris,  D. 
and  Chadwick,  K.  Acid-base  curve  and  alignment  nomograms 
for  swine  blood. 

We  constructed  curve  and  alignment  nomograms  for 
acid-base  status  of  swine  blood.  These  nomograms 
differ  from  those  constructed  by  Siggaard-Andersen 
for  human  blood.  We  reappraised  the  methodology  for 
construction  of  the  nomograms  and  discussed  the  possible 
reasons  for  the  observed  differences. 
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In  recent  years,  the  pig  bas  become  increasingly  popu¬ 
lar  as  an  experimental  animal.  To  maintain  "normal" 
values  during  some  of  our  experiments  [9],  we  needed  to 
know  the  acid-base  parameters  of  swine  blood.  We  were 
unable  to  find  this  information  in  the  literature. 
Although  we  lacked  information  indicating  specific 
differences  in  acid-base  parameters  between  human  and 
experimental  animal  blood,  we  were  not  especially 
concerned  until  the  report  of  Scott  Emuakpor  e_t  jy_. 

[12],  which  indicated  differences  between  human  and 
canine  blood  in  the  hemoglobin-independent  plot  of 
log  PCO2  against  pH.  Those  findings  and  our  need  to- 
characterize  the  acid-base  status  of  swine  blood  led  to 
the  present  investigations.  As  a  result,  acid-base 
curve  and  alignment  nomograms  were  constructed  for  swine 
blood,  and  the  methodology  used  for  their  construction 
was  reappraised. 

MATERIALS  AND  METHODS 

Collection  and  Handling  of  Blood 

Four  studies  were  performed;  each  study  used  the  blood 
of  a  different  pig.  Each  pig's  blood  was  handled  in  a 
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similar  fashion.  Pigs  were  anesthetized  with  thio¬ 
pental,  and  330  ml  of  arterial  blood  was  collected  in 
heparin  (33  units/ml  blood).  Whole  blood  was  centri¬ 
fuged  and  three  red  blood  cell  dilutions  (aproximately 
9,  27  and  45<)  were  prepared  from  the  separated  red- 
blood  cells  and  plasma.  A  sample  of  well-mixed  original 
whole  blood  and  samples  of  each  dilution  were  placed  in 
ice  for  later  determination  of  total  protein  [6],  hemo¬ 
globin  [6],  2,3-diphps.phoglycer-ate  [8]  and  methempglo- 
bin  [3]  concentration.  Blood  samples  were  prepared  in 
duplicate  at  base  excesses  (BE)  of  -25,  -20,  -15,  -10, 
-5,  0,  +5,  +10,  +15  and  +20  mEq/1  at  each^  of  the  three 
hemoglobin  concentrations  (a  total  of  60  sanples)  by 
adding  100  /il  of  working  acid  or  base  solution  (see 
below)  to  3,9  ml  of  blood.  To  prevent  red  cell  lysis, 
blood  samples  were  briefly  centrifuged  at  low  speed, 
and  the  acid  or  base  solution  was  added  to  the  swirl¬ 
ing  supernatant  plasma.  Samples  were  then  gently  but 
thoroughly  mixed.  Blood  preparation  was  followed  by 
tonometry  and  measurement  of  pH.  One  member  of  each 
pair  of  blood  samples  was  equilibrated  for  7  min  in  an 
Instrumentation  Laboratories  Model  213  tonometer  with  a 
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gas  mixture  of  2.721  COg  in  O2;,  the  other  member  of 
the  pair  was  similarly  equilibrated  with  a  gas  mixture 
of  9,60%  CO2  in  0?;  The  gas  mixtures  had  been 
previously  analyzed  in  triplicate  using  the  method  of 
Scholander  [11].  (When  these  gas  flows  and  concentra¬ 
tions  and  blood  volumes  were  used  in  preliminary 
experiments,  equilibration  of  blood  with  CO2  was 
achieved  within  4-5  min.) 

We  measured  pH  using-  a  Severinghaus-UC  electrode 
[13]  thermostatically  controlled  at  38.8*C,  and  a 
Lorenz  Model  3  D8M-3  amplifier.  The  pH  electrode  was 
calibrated  with  prccis-ion  reference  buffers  (pH  6.839 
and  7.379  at  3y.0‘C,  Radiometer,  3-ml  sealed  glass 
ampules).  Electrode  calibration  was  checked  with  the 
7.379  buffer  before  and  after  each  blood  sample  reading. 
Measurements  wore  performed  in  duplicate  with  a  maximal 
allowable  difference  between  the  two  deteniii nations  of 
0.003  pH  units.  The  mean  '(±  SD)  of  the  difference 
between  the  paired  reading  for  all  samples,  calculated 
without  respect  to  sign,  was  0.001  ±  0.001  pH  uhtls. 
Measurements  of  pH  were  corrected  for  red  cell  suspension 
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effect  [17,  19].  Carbon  dioxide  partial  pressure  was 
measured  in  duplicate  using  a  CO2  electrode  (Radiometer 
E5036)  in  a  steel-and-glass  cuvet  (Radiometer  D616) 
thennostatical ly  controlled  at  38.8*Ci  The  electrode 
was.  calibrated  with  gas  mixtures  analyzed  in  triplicate 
using  the  method  of  Scholander  [11].  A  reading  of  a 
standard  gas  with  a  PCO2  close  to  that  expected  for 
the  bipod  sample  was  taken  before  and  after  each  blood 
sample  reading.  Blood  CO2  tensions  were  systemati¬ 
cally  measured  to  ensure  equilibration  of  blood  with 
CO2.  Mean  (+  SD)  difference  between  measured  and  ex¬ 
pected  blood  Pcop  (calculated  without  regard  to  sign) 
was  0.88  ±  0.27  mm  Hg  at  Pqo^  of  67.9  mm  Hg.  Readings 
for  pH  and  P(;o2  were  corrected  for  electrode  drift. 

Preparation  and  Standardization  of  Acid  and  Base  Solutions 

A  1 .0  N  solution  of  Na2C03  (100%,  certified  alka- 
limetric  standard,  Fischer  Scientific  Co.)  was  prepared 
and  used  to  standardize,  by  titration,  what  we  deter¬ 
mined  to  be  a  stock  solution  of  1.01  N  HCl.  The  1.01  N 
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HCT  was  used  as  a  titrant  for  a  stock  solution  of  What 
we  determined  to  be  1..03.  N  NaHG03..  Concentrations  of 
0.2  N,  0.4  N,  0.6  N  arid  0.8  N  acid  and  base  working, 
solutions  were  prepared  volumetrical ly  from  the  stock 
solutions.  All  working  solutions  were  titrated  as 
described  above.  All  titrations  were  repeated  after 
completion  of  the  bench  laboratory  work  reported  here; 
no  differences  were  noted  between  determinations  made 
before  and  after  these  experiments; 

Data  Analysis 

The  data  generated  for  each  pig  resulted  in  three 
sots  of  values  (one  for  each  concentration  of  hemoglo¬ 
bin)..  Each  set  contained  values  for  pH  and  Pco2 
for  blood  samples  at  each  b-ase  excess  (0  to  20  mEq/1  of 
acid  or  base  added).  However,  since  the  base  excess  of 
the  blood  drawn  from  the  animal  was  not  necessarily 
zero,  the  data  was  "normalized"  to  correct  for  any 
small  acid-base  imbalance  at  the  time  of  sampling.  To 
accomplish  this,  Siggaard-Andersen  and  Engel  [20,  23] 
plotted  constant  CO2  titration  curves  (pH  acid  or 
base  added)  at  both  carbon  dioxide  tensions  for  eacli 
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hemoglobin  concentration.  They  curve-fit  their  data  by 
eye  and  hand,  and  similarly  shifted  the  axis  for  the 
added  acid  or  base  so  that  zero  co>"=responded  to  pH 
7.400  for  the  PCO2  mm  Hg  curve  [18].  In  following 
their  methodology,  we  noticed  that  minor  differences  in 
curve-fitting  and  shifting  the  data  "by  eye"  resulted 
in  relatively  large  differences  im  the  final  nomograms. 
Unable  to  arbitrarily  resolve  these  observed  differ¬ 
ences,  we  used  precise  mathematical  and  graphical 
techniques  which  were  implemented  by  a  comp.uter. 

For  each  concentration  of  hemoglobin,  we  calcu¬ 
lated  regression  coefficients  using  a  forward  stepwise 
(with  a  l)(ickward  glance)  selection  procedure  [5]  to  fit 
the  model: 

pH  =  {Ci+C2*BE+C3*BE2+C4*BE3+C5*BE'')*log  PCO2+ 
C6+C7*BE+C8*BE2+C9BE3+Cio*BE4 

This  model  has  the  following  properties:  a)  for 
any  given  BE  the  relationship  between  pH  and  log  P^q^ 
is  linear;  b)  the  slope  and  intercept  of  this  relation¬ 
ship  may  vary  non-linearly  with  BE;  and  c)  for  each 
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concentration  of  hemoglobin,  the  calculated  coefficients 
define  a  model  that  fits  the  data  with  high  statistical 
significance  (r2  >  0.99) . 

For  each  level  of  hemoglobin,  the  equation  :was 
'^normatVized"  to  a  pH  of  7.400  for  a  BE  of  zero  and.  a 
Pcog  of  40-0  Hg,  based  on  the  observations  of 
Sawyer  ^  [10]  in  awake  mini-swine.  This  "normal¬ 

ization"  was  accomplished  by  solving  each  derived 
regression  for  BE  at  pH  =  7.4  and  Pco2  =  40  mm  Hg 
using  the  Jenkins-Traub  three-stage  logarithm  [7]. 

The  result,  BEer^gr*  represented  the  deviation 

of  the  acid-base  status  of  the  animal  from  zero  at  the 

'  '  «. 

time  the  blood  was  drawn.  Values  for  the  amount  of 
acid  or  base  added  (BE)  were  then  adjusted  (shifted)  by 
the  amount  of  BEerror-  The  above  regression  model 
was  then  refit  using  the  shifted  BE  values. 

Curve  Noniograiii:  Using  the  equations  result vqg 
from  the  above  curve-fitting  procedure,  we  calculated 
the  relationship  between  pH  and  log  Pcq^  for  each 
of  the  three  concentrations  of  hemoglobin  at  each  level 
of  BE,  Siggaard-Andersen  and  Engel  [23]  stated  that 
for  each  level  of  BE  there  exist  a  single  pH  and 
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PCO2  3fe  independent  of  hemoglobin  concentration, 
therefore,  for  each  level  of  BE,  the  three  lines  calcu¬ 
lated  above  should  intersect  at  a  single  point.  Brodda 
[2]  has  calculated  that  this  can  only  occur  if  shifts  in 
water  between  the  red  blood  cell  and  plasma  that  result 
from  changes  in  pH  are  taken  into  account.  Experimen¬ 
tally,  the  three  isohemoglobin  lines  at  each  level  of 
BE  result  in  three  intersections.  Several  approaches 
are  possible  when  approximating  the  hemoglobin- 
independent  point  by  computer;,  For  example,  the  three 
points  of  intersection  could  be  averaged.  However, 
this  method  can  be  shown  to  be  subject  to  large  error 
when  two  of  the  hemoglobin  linos  are  nearly  parallel. 
Other  simple  methods  of  approximation  are  similarly 
subjoft  to  error.  At  the  e;xpohse  of  being  more  complex 
and  cumbersome,  our  approach  avoided-  this  potential 
error. 

We  appro)<?1mated  the  hemoglobin-independent  point 
by  calculating  the  point  which  minimized  the  mean 
square  difference  in  pH  and  in  log  P(;;o2  between  the 
point  and  the  three  buffer  slope  (isohemoglobin)  lines. 
Intuitively,  such  a  point  would  be  the  point  requiring 
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the  smallest  change  in  the  projection  of  the  three 
hemoglobin  lines  in  order  to  produce  a  common  intersec¬ 
tion.  We  derived  this  point  in  the  following  fashion. 

Let  (.pHind>  log  PcOo  )  be  the  Hb- independent  point. 

^ind 

Let  mj  and  b^,  i  =  1,  2,  3  be  the  slopes  and 
intercepts  of  the  three  linear  relationships  calculated 
from  the  regression  model  for  a.  given  BE  (i.e.,  pH  = 
log  Pc02  l^i)*  Solve  the  following  set  of  equa¬ 
tions  for  pHjnd  and  log  Pco2  iod: 

dX 

- =  0 

d(pHind) 

where  X  ■-  (plli  -  pllind)^'  ♦  (pH^  -  pHitid)^  +  (pll3.  ^  pHind)^ 
dY 

d(log  PcOo.  ,) 

‘^ind 

where  Y  =  (log  Pc02^  ~  log  + 

(log  Pco22  ■  " 

(log  Pcojj  -  log  Pc02j„/ 


Acid-base  nomograms  for  swine  blood 


PHi  =  mi  log  ^  tii 

I  for  i  =  1,2,3 
pHind  'Pi  | 
log  Pco? =  - -  I 

1  nii 

A  curve  nomogram  was  then  p;lotted  by  connecting  the 
hemoglobin-independent  points  for  a  series  of  BE  values. 
Alignment  nomogram;  Curve-shifted  data  were  used 
for  a  computerized  construction  of  the  alignment 
riofflograiri,  in  a  manner  similar  to  that  described  by 
Siggaard-Andersen  [21] . 

"Mean"  Pig 

For  each  pig,  the  previously  derived  regression 
equations  (one  for  each  concentration  of  hemoglobin  ) 
were  used  to  calculate  pH  values  at  each  standard 
PCO^.  each  standard  base-excess.  The  resulting 
four  pM  values  (one  per  pig)  at  each  Pc02»  HE  and  con¬ 
centration  of  hemoglobin  were  averaged,  thus  producing 
a  set  of  data  representing  the  "mean"  pig.  Raw  data 
could  nor  be  used  for  this  purpose  because  the  base- 
excess  values  of  the  sampled  blood  differed  slightly 
among  pigs,  thus  requiring  differing  degrees  of  "curve- 
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shifting"  to  achieve  “normalization".  "Mean"  pig  data 
were  then  handled  as  if  they  were  from  a  single  pig, 
and  the  above  described  analysis  was  perfonned. 

The  result  was  separate  "mean"  curve  and  alignment 
nomograms. 

RESULTS 

The  mean  acid-base  curve  nomogram  for  swine  blood  is 
depicted  in  Fig.  1;  the  data  are  presented  in  Table  I. 

We  compared  qur  curve  nomogram  for  swine  blood  with  that 
of  Siggaard-Andersen  [20]  for  human  blood,  and  with 
that  of  Scott  Emuakpor  [12]  for  canine  blood  (Fig,  2), 
The  alignment  nomogram  is  shown  in  Fig.  3. 

DISCUSSION 

Our  mean  curve  and  alignment  nomograms  for  swine  blood 
are  different  from  nomograms  for  human  blood  [20,  21] 
and  canine  blood  [12]  (Fig.  3).  To  compare  the  align¬ 
ment  nomogram  with  that  drawn  by  Siggaard-Andersen  for 
human  blood  [21],  we  plotted  our  data  of  known  pll, 

PC02*  hemoglobin  concentration  and  base-excess  on 
the  Siggaard-Andersen  alignment  nomogram  as  if  we  were 
unaware  of  the  true  base-excess  value.  The  base-excess 
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values  determined  from  the  Siggaard-Andersen  nomogram 
were  compared  with  the  true  BE  values.  The  resultant 
estimatied  base-excesses  differed  (P<0.001.)  from  the 
knovyn  base-excess  of  alT  blood  samples  at  all  concen¬ 
trations  of  hemoglobin  and  base-excess,  except  at  a  BE 
of  zero,  for  which  the  results  are  def-initionally 
identical.  In  nearly  all  cases,  however,  the  calcu¬ 
lated  value  was  within  ±  10%  of  the  true  value. 

There  are  several  possible  explanations  for  the 
differences  between  our  nomogram  and  that  of  Siggaard- 
Andersen.  Neither  set  of  data  is  based  on  the  blood  of 
a  large  population:  Siggaard-Andersen  used  the  blood 
of  four  people,  we  used  four  swine..  However,  in  our 
experiments,  individual  variation  did  not  appear  to  be 
an  important  problem. 

joiih;  oi  the  observed  difiereiices  may  relate  to 
differences  in  species.  Scott  Eniuakpor  et  al.  [12] 
described  a  curve  nomogram  for  canine  blood  which 
differed  from  Siggaard-Andersen' s  curve  nomogram  for 
human  blood.  The  buffer  value  of  plasma  proteins  and 
hemoglobin  can  vary  among  mammalian  species  [4,  24], 
and  this  may  account  for  some,  but  not  all  [22],  of  the 
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differences  OTong  the  nomograms.  Measured  tdtal  pro¬ 
tein  of  our  swine  blood  (7.2  ±  0.3  g/dl)  was  similar  to 
the  normal  value  for  man. 

To  create  blood  s^ples,  of  altered  base-excess, 
we  avoided  important  dilution  of  plasma  proteins  by 
adding  small  amounts  of  relatively  concentrated  (0.2- 
0.8  N)  acid  or  base.  We  thereby  produced  some  altera¬ 
tions  in  ionic  strength  of  blood,  which  may  account  for 
some  of  the  differences  between  our  nomograms  for  swine 
blood  and  those  of  Siggaard-Andersen  for  human  blood 
[20,  21],  However,  our  curve  nomogram  for  swine  blood 
differs  even  more  from  the  original  curve  nomogram  of 
Siggaard-Andersen  and  Engel  for  human  blood  [23],  for 
which  the  identical  method  of  addition  of  acid  or  base 
was  used. 

To  construct  the  nomograms,  wo  followed  the  gen¬ 
eral  methodology  of  Siggaard-Andersen.  However,  the 
two  methodologies  differ  in  several  important  ways. 

We  used  a  method  different  from  that  of  Siggaard- 
Andersen  to  "shift"  the  original  data  in  order  to 
"normalize"  the  drawn  blood  to  the  established  defini¬ 
tion  of  13E  =  0,  pH  7.400,  PQO2  Siggaard- 
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Andersen  accompivshed  the  following  tasks  graphically, 
fitting  the  curve  and  selecting  the  points  by  eye 
[18]:  a)  curve-fitting  the  two  constant  CO2  titration 
curve  plots  (pH  acid  or  base  added)  at  each  concen 
tration  of  Hb;  b)  estimating  similar  data  for  Pqq2 
40  mm  Hg,  assuming  a  linear  relationship  between  log 
PCO2  and  pH,  followed  by  curve-fitting  of  the  PcOg 
40  inm  Hg  data  as  in  a);  c)  estimating  the  axis  shift 
(acid  or  base  added)  to  align  the  PCO2  Hg  data 
so  that  at  a  pH  of  7.400,  base-excess  was  set  equal  to 
zero;  d)  estimating  from  the  hand-drawn  iso-P(;;02 
curves,  the  pH  at  pre-selected  levels  of  base-excess. 
We  accomplished  all  of  the  above  with  a  computer,  the 
resulting  curve-fit  equations  describing  the  data  with 
an  accuracy  of  more  than  99.95%. 

To  draw  the  base-excess  grid,  Siggaard-Andersen 
used  his  previously  developed  pH- log  Pqq^  curve 
nomogram  for  one  set  of  blood  pH  and  P(;o2  values, 
and  an  empirical  relationship  between  buffer  base, 
hemoglobin  concentration  and  base-excess  to  estimate 
the  required  second  pair  of  blood  pH  and  P(;o2 
values.  Because  of  our  uncertainties  regarding  the 
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specificity  of  the  pH-log  PCO2  curve  nomogran  and 
the  empirical  relationship  described  above,  we  chose 
to  use  our  original  data  and  the  computer-generated 
curve-fits-  to  that  data  to  determine  the,  base-excess 
grid. 

To  generate  the  continuous  isohemoglobin  lines  of 
the  base-excess  grid  from  the  original  data>  we  devel¬ 
oped  computerized  empirical  mathematical  equations 
that  were  plotted  by  computer.  Siggaard- Andersen  used 
points  determined  graphically  to  draw  curves  by  hand. 
Although  we  ;have  not  examined  systematically  the  dif¬ 
ferences  between  the  two  techniques,  we  did  note  before 
completion  of  the  computer  programs  that  seemingly 
small,  unimportant  interpretive  differences  that 
occurred  when  drawing,  curves  by  hand  through  the  ori¬ 
ginal  data  created  r(?latively  largo  differohces  In 
the  estimated  amount  required  to  shift  the  "acid-or- 
beso-added"  axis.  These  differences  created  relatively 
large  differences  in  the  alignment  nomogram. 

Another  difference  between  Siggaard-Andersen's 
nomogram  and  our  own  is  the  tenperature  at  which 
tonometry  and  measurement  of  pH  were  performed. 
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SiggaardrAndersen's  experiments  were  performed  at  38’C; 
ours  were  performed  at  38..8*C  (normal  body  temperature 
for  swine).  Siggaard-Andersen  correctly  stated  that 
measurements  performed  at  temperatures  within  ±  Z*C  of 
38* C  (the  standard  temperature  of  his  nomogram)-  are 
"without  any  practically  significant  error"  [21].  We 
temperature-corrected  some  of  our  pH  and  Pco2 
from  38.8*C  to  38.0*C,  and  then  estimated  base^excess 
from  our  noinograiii.  AM  estimates  were  within  ±0.1 
mnioV/l  of  the  true  value.  Similarly,  using  established 
data  for  pK'  and  solubility  of  CO2  in  plasma  [14],  we 
determined  that  change  in  .calculated  plasma  HCO3" 
between  38.0*C  and  38.B*C  was  less  than  0.1  inniol/1. 

Finally,  there  are  differences  in  the  methodology 
of  measuring  pH,  the  major  variable  upon  which  these 
nomograms  rest.  As  a  result  of  advances  in  design  and 
construction  of  pll  electrode  [13]  and  amplifier  [16], 
our  determinations  of  pH  probably  had  less  variability 
(0.001  ±  0.001  pH  units,  SO)  than  did  the  measurements 
of  Siggaard-Andersen.  Variations  in  the  measurement  of 
pH  that  are  usually  considered  minor  (e.g.,  0.003  pH 
units)  result  in  surprisingly  large  differences  in  the 
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final  nomogram,  because  relatively  small  changes  in  .the 
slope  of  nearly  parallel  lines  greatly  alters  their 
point  of  intersection.  Small  variations  in  pH  create 
the  largest  changes  in  the  nomogram  in  the  base-excess 
range  of  +10  to  +25  mEq/1:  the  range  in  which  our 
nomogram  differs  most  from  that  of  Siggaard-Andersen. 
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Table  I.  Swine  base  excess  curve  nomogram 


Base  excess 

(mEq  •  1-1) 

Goor-d-i  nates 

pit  PC02 

(Units)  (mm  Hg) 

Base  excess 

(mEq  -1-1) 

Coordinates 

P'l  I'COj;, 

(Units)  (mm  Hg)'- 

-20 

7,145 

19.7 

0 

7.400 

40.0 

-19 

7.162 

20  .7 

fl 

7.412 

40.6- 

-18 

7.178 

21.8 

2 

7.424 

41.0 

-17 

7.194 

22.9 

3 

7.436 

41.4 

-16 

7.208 

24.1 

4 

7.448 

41.6 

-15 

7.223 

25.2 

+5 

7.461 

41/' 

-14 

7.236 

26.3 

6 

7.474 

41 .8 

-13 

7.249 

27.5 

7 

-7.488 

41.8 

-12 

7.262 

28.6 

8 

7.502 

41.6 

-11 

7.275 

29.8 

9 

7.517 

41.3 

-10 

7.287 

30.9 

+10 

7.532 

40.9 

-  9 

7.298 

32.0 

11 

7.548 

40.4 

-  8 

7.310 

33.1 

12 

7.565 

39.8 

-  7 

7.321 

34.1 

13 

7.582 

39 . 1 

-  6 

7.333 

35.1 

14 

7.600 

38.3 

-  5 

7.344 

36.1 

+15 

7.618 

37.4 

-  4 

4.355 

37.0 

16 

7.637 

36.4 

-  3 

7.36b 

37.9 

17 

7.657 

35.3 

-  2 

7.377 

38.6 

18 

7.678 

34.2 

-  1 

7.389 

39.4 

19 

7.700 

33.0 

+20 

7.722 

31.7 
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Figure  Legends- 

Fig,  1.  Mean  swine  acid-base  curve  nomogram.  See  text 
for  derivation  of  "mean"  values  of  four  swine  and 
construction  of  the  nomogram. 


Fig.  2.  Comparison  of  our  "mean"  swine  data  (o— -o) 
with  the  human  data  of  Siggaard-Andersen  (a— a)  and 
the  canine  data  of  Scott  Emuakpor  (®  — o). 

Fig,.  3.  Mean  swine  acid-base  alignment  nomogram.  See 
text  for  derivation  of  "mean"'  data  and  construction  of 
the  nomogram. 
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Weiskopf,  R.  B.,  Townsuy,  M.  I„  Riordan,  K,  K.,  Chadwick,  K.,  Baysinger,  M.,  and  Mahoney,  E.:  Comparison  of 
cardiopulmonary  responses  to  graded  hemorrhage  during  entiurarie,  halothane,  isoflurane,  and  ketamine  anesthesia. 
Aneath  Anaig  1981 :60:48 1  -91. 

To  assess  the  influence  of  anesthetic  agents  during  mild  to  moderate  hemorrhage,  the  cardiopulmonary  function  of 
five  awake,  unmedicated  dogs  was  compared  with  that  during  anesthesia  with  enflurane,  halothane,  isoflurane,  and 
ketamine.  Each  dog  was  evaluated  during  anesthesia  with  eachragent  during  normoyolemla.andafter.  bipod  Losses  of 
10%,  20%,  and  30%.  Before  blood  loss,  in  comparisori  with  the  awake  state,  ketamine  Irfcreasdd  hearVrWe  O  fS  ± 
11  beats/min,  awake,  vs  168  ±  17)  and  cardiac  output  (5;3  ±  0,4  L/mln,  awake,  vs  6.0  ±  0.2). -Halothane  and 
isoflurane  did  not  alter  these  variables.  Enflurane  decreased  mean  arterial  blood  pressure  (1 1 0  ±  2  torr,  awake,  vs  72 
±  3),  cardiac  output  (3,5  ±  0.1  U/min),  and  stroke  volume  (48  ±  4  ml,  awake,  vs  29  ±  2)  to  a  greater  extent  than  did 
the  other  anesthetics.  Blood  loss  decreased  cardiac  output  more  vvith  ketamine  than  with  the  inhalation  anesthetics 
(ketamine,  0.1 2Q  L/min/percoritage  of  blood  loss;  halothane,  0.077;  Ispilufane,  0.071 ;  enflurane,  0.058;  determined 
by  leasi-squares  linear  regression,  0-30%  biood  loss),  so  that  after  30%  hemorrhage  cardiac  output  was  essontiaily 
the  same  during  halothane  (2.45  ±  0.19L/min),  isoflurane  (2.83  ±  0.l9t./min),  and  ketamine  (2.48  ±  O.ISU/min) 
anesthesia.  Also,  during  hemorrhage,  systemic  vascular  resistance  increased  most  with  ketamine;  thus,  after  30% 
blood  loss,  mean  arterial  blood:pressure-wa3  highest  with  ketamine  (ketamine,  94  ±  7  .tPfc:  enllurane,  ^8  ±  Sjorr; 
halothane,  81  ±  4  torr:  isoflurane,  58  ±  4Torr).  Rate-pressure  product  and  minute  work  wdfo  hlghosfvvith  kotamime 
throughout  hemorrhage,  except  for  minute  work  after  30%  blood  loss.  These  cardiovascular  changes  wore  reflected 
in  Iho  moaouroinonts  of  metabolism  Total  body  oxygen  consumption  (Vo,)  was  highosl  with  ketamine  after  0%  to  20% 
blood  loss  (e.g.,  after  0%  blood  loss:  ketam(ne,_8.6  i  1.2  ml  of  0//minAy:  onllurano,  4.6  i  0.6;  luilottiano.  4,0  t 
0.3;  isoflurane.  4.9  ±  0.6).  During  blood  toss,  Vo,  did  not  change  with  any  inhalation  anesthetic,  but  decreased  with 
ketamine  (6,0  ±  0.5  ml  ol  0?/min/kg  after  30%  blood  loss);  this  decrease  was  associated  with  an  increase  in  arterial 
blood  lactate  concentration  and  base  deficit  (ketamine,  BE  -8.0  ±  0.5  meq/L  alter;30%  blood  loss),  suggesting  that 
oxygen  demand  was  not  mot  during  hypovolemia  with  ketamine  anesthesia.  In  contrast,  lack  of  change  in  blood 
lactate,  base  deficit,  or  oxygen  consumption  during  hemorrhage  with  the  inhalation  anesthetics  suggests  that  oxygon 
demand  Was  satisfied  when  the  dogs  were  bled  during  enflurane,  halothane,,  or  isoflurane  anesthesia. 

Key  Words:  ACID-BASE  EQUILIBRIUM:  ANESTHETICS,  Intravenous;  ketamine;  ANESTHETICS,  Voiatile:  enilurano, 
halothane.  isoflurane:  HEMORRHAGE;  anesthetics,  effects  of;  METABOLISM;  lactate. 


Hemorrhage  stimulates  the  sympathoadrenal 
system.  Anesthetic  agents  also  may  inhibit, 
stimulate,  or  have  little  influence  on  this  system  dur- 
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ing  normovolemia.  It  is  not  obvious  whether  addi¬ 
tional  stimulation,  no  effect,  or  inhibition  of  the  sym¬ 
pathetic  system  would  be  most  beneficial  in  anesthe¬ 
tized  hypovolemic  patients.  Hemorrhage  has.been  the 
subject  of  many  investigations,  most  using  one  of  the 
standard  "shock"  models,  in  which  an  experimental 

views  of  the  authors  and  are  not  to  be  construed  as  official  or  as 
reflecting  the  views  of  the  DepatlinaiU  of  the  Army  or  the  Depart- 
meiU  of  Defense, 

Reprint  requests  to  Dr.  Weiskopf,  Department  of  Anesthesia, 
Room  3S50,  %n  Francisco  Cener.il  Hospital.  1001  Potrero,  San 
Francisco,  CA  94110. 


ANESTHESIA  AND  AN,Maf-t;iA 
V0160.N0  7.  July  1981 


481 


ANESTHESIA  AND  HEMORRHAGE 


animal  is  bled  to  and  maintained  at  a  predetermined 
arterial  blood  pressure.  Few  investigations  have  used 
graded,  measured  hemorrhage  as  the  independent 
variable. 

Although  a  few  limited  sfudieS  oFhemorrhage  have 
used  awake  human  volunteers  (1),  and  some  studies 
have  used  awake,  restrained  animals  (2),  most  inves¬ 
tigations  have  used  anesthetized  animals.  These  stud¬ 
ies  usually  used  injectable  anesthetic  agents,  resulting 
in  varying  anesthetic  depth  during  the  course  of  the 
experiment.  When  an  inhalational  anesthetic  agent 
was  used,  induction  of  anesthesia  was  usually  accom¬ 
plished  with  an  injectable  anesthetic,  or  constant  end- 
tidal  conceiitrations  were  not  maintained,  resulting  in 
uncertain  depth  of  anesthesia.  When  the  influence  of 
anesthetic  agents  on  hemorrhage  has  been  investi¬ 
gated, .failure  to  remove  the  spleens  of  the  experimen¬ 
tal  dogs  (3-7)  could  have  allowed  uncontrolled  and 
unquantified  "autotransfusion"  of  as  much  as  35%  of 
the  shed  blood  (8). 

Only  Theye  et  al  (7)  compared  in  a  single  study  the 
influence  of  three  anesthetic  anesthetics  (cyclopro¬ 
pane,  hajothane,  and  isofluraae)  on  cardiovascular 
function  during,  and  the  meta-»o!ic  consequences  of, 
equivalent  graded  hemorrhage  in  dogs.  Because  they 
used  survival  times  as  their  end  point,  comparing  the 
effects  of  different  anesthetics  in  the  same  animal  was 
not  possible.  They  did  not  remove  the  spleens,  nor 
did  they  compare  result.s  during  hemorrhage  with 
those  of  awake,  unmedicated  dogs. 

In  the  present  report  we  have  assessed,  in  hypo¬ 
volemic  dogs  in  which  spleens  had  been  removed,  the 
benefits  and  disadvantages  associated  with  the  admin¬ 
istration  of  anesthetics  with  differing  effects  on  the 
sympathetic  system.  Ketamine,  an  anesthetic  with 
stimulant-like  properties  that  is  frequently  recom¬ 
mended  for  clinical  use  during  hypovolemia,  was 
compared  with  halothane,  which  likely  inhibits  re¬ 
lease  and  activity  of  catecholamines  (9,  10),  and  with 
enflurane  and  isoflurane. 

Methods  and  Materials 

We  removed  the  spleens  from  five  healthy  mongrel 
dogs  (25  to  32  kg  each),  previously  trained  to  lie 
quietly  in  the  laboratory,  and  provided  them  with 
chronic  tracheostomies  and  exteriorized  carotid  arter¬ 
ies.  A  minimum  of  2  weeks  intervened  between  sur¬ 
gery  and  the  studies.  All  animals  were  in  good  health 
for  each  study.  All  dogs  were  studied  (in  random 
order,  separated  by  a  minimum  of  2  weeks  between 
successive  studies)  awake  or  with  1.15  MAC  of  the 
inhalation  anesthetics,  or  with  a  continuous  infusion 
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of  ketamine.  All  animals  breathed  spontaneously  at 
all  times. 

For  the  studies  with  inhalation  anesthetics,  the  dogs 
were  connected  to  a  circle  breathing  circuit  through 
a  cuffed  .tracheostomy  tube  and  a  non-rebreathing 
Rudolph  valve.  Animals  received  no  premedication. 
Anesthesia  for  the  studies  of  halothane,  enflurane,  or 
isoflurane  was  induced  with  the  agent  to  be  studied, 
and  was  maintained  at  a  constant  end-tidal  concen¬ 
tration  of  l.CX)%  halothane,  2.50%  enflurane,  or  1.69% 
isoflurane.  The  anesthetics  were  always  delivered  in 
a  mixture  of- oxygen  and  nitrogen  that  was  adjusted 
to  maintain  Pao^  close  to  100  torn 

For  the  studies  with  ketamine,  ane.sthcsia  was  in¬ 
duced  intravenously  with  5.0  mg/kg  of  ketamine,  and 
was  maintained  by  a  continuous  infu.sion  of  ketamine 
in  the  smallest  amount  necessary,  to  prevent'  gross 
movement  (mean  ±  SE,  0.25  ±  0.03  mg/kg/min). 
After  the  induction  of  anesthesia,  carotid  and  pul¬ 
monary  arterial  catheters  were  inserted  percuta- 
neously,  and  the  dog  was  placed  in  the  left  lateral 
decubitus  position. 

For  the  awake  studies,  animals  were  first  anesthe¬ 
tized  with  thiopental,  7.0  mg/kg;  anesthesia  was 
maintained  with  70%  N'.iO  in  Oy  to  allow  for  place¬ 
ment  of  carotid  and  pulmonary  arterial  catheters.  No 
additional  thiopental  was  administered,  and  NjO  was 
discontinued.  Animals  were  studied  at  least  2  hours 
after  awakening,  at  which  time  resting  Pai-o^  did  not 
differ  from  Paco,  measured  on  another  occasion  be¬ 
fore  administration  of  anesthetics  or  other  drugs. 

Ventilation  was  measured  by  using  the  rebreathing 
bag  in  the  circle  breathing  system  as  a  bag-in-a-box 
connected  to  a  wedge  spirometer  (model  570,  Med- 
Science  Electronics,  Inc).  We  conlimiom.ly  measured 
Po,,  P(;o,,  and  the  partial  pressure  of  halothane,  en¬ 
flurane,  or  isoflurane  al  the  tracheostomy  tube  orifice 
by  mass  spectroscopy  (Perkin-Elmer,  model  MCA 
llOOA)  (11)  (Townslcy  Ml,  Brinks  HA,  Weiskopf  RB, 
Measurement  of  enflurane  and  isoflurane  by  mass 
spectrometry.  Abstracts  of'  Scientific  Papers,  Annual 
Meeting  of  the  American  Society  of  Anesthesiologists, 
October  21-25,  1978,  Chicago,  Illinois,  pp  289-90). 
Carotid  and  pulmonary  arterial  pressures  were  meas¬ 
ured  by  transducers  (Statham  23  Db).  Mean  systemic 
and  pulmonary  arterial  pressures  were  derived  by  a 
Brush  recorder  preamplifier.  Cardiac  output  was  es¬ 
timated  using  a  thermodilution  technique,  a  thermis¬ 
tor-tipped  pulmonary  arterial  catheter  (Edwards  Lab¬ 
oratories),  and  an  analog  computer  (Gould,  model 
SP1425).  Cardiac  output  measurements  were  repeated 
until  two  successive  measurements  displaying  satis- 
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factory  washout  curves  differed  by  no  more  than  0.2 
L/min.  This  usually  occurred  within  two  or  three 
measurements.  These  physiologic  parameters  and  the' 
partial  pressures  of  the  measured  gases  and  vapors 
were  recorded-graphically  (Gould. Brush,  >modeU200, 
eight-channel  polygraph)  and  magnetically  (Hewlett- 
Packard,  model  8868A  FM  tape  recorder).  Systemic 
vascular  resistance  was  calculated  as  mean  systemic 
blood  pressure  divided  by  cardiac  output.  Pulmonary 
vascular  resistance  was  calculated  as  the  difference 
betvyeen  mean  pulmonary  aftefy-pressiife'(PAP)  and 
pulmonary  artery-wedge"pressure.divided"by  cardiac 
output.  Left  ventricular  stroke  work  (LVSW)  was 
calculated  as  the  product  of  mean  systolic  blood 
pressure  and  stroke  volume.  Left  ventricular  minute 
work  (LVMW)  was  calculated  as  the  product  of 
LVSW  and  heart  rate. 

Circulatory  and  ventilatory  variables  were  meas¬ 
ured  during  normovolemia  and  after  10%,  20%,  and 
30%  reductions  in  the  animal's  estimated  blood  vol¬ 
ume  (12).  Each  dog's  temperature,  measured  in  the 
pulmonary  arterial  blood,  was  maintained  within  1  C 
of  its  initial  value  by  the  use  of  circulating  water 
heating  pads.  ' 

Successive  10%  reductions  in  blood  volume  were 
accomplished  by  drawing  blood  through  the  carotid 
ailerial  cannula  over  a  period  of  approximately  l6 
minutes,  The  blood  was  collected  into  sterile,  600-ml 
transfer  packs  containing  heparin,  so  that  the  final 
concentration  was  3  units  of  heparin  per  milliliter  of 
blood.  At  least  10  minutes  of  stability  was  allowed 
after  each  reduction  in  blood  volume  before  begin¬ 
ning  measurements  at  that  level  of  oligemia.  Follow¬ 
ing  studies  at  30%  blood  loss,  the  collected  blood  was 
transfused  through  a  microfilter  (Pall  SQ40SK  Ultipor 
blood  transfusion  filter);  20  minutes  lateral!  measure¬ 
ments  were  repeated  and  compared  with  values  ob¬ 
tained  before  hemorrhage. 

During  each  of  the  experinvenlal  conditions,  Pao, 
and  Paco^  were  measured  by  Radiometer  electrodes 
in  steel  and  glass  cuvets;  pH  was  measured  by  a 
Severinghaus-UC  electrode  (13).  All  electrodes  were 
maintained,  at  37  C.  Calibrating  gases  and  buffers 
were  measured  before  and  alter  each  biood  sample 
reading;  the  measurement  was  corrected  for  electrode 
drift,  liquid-gas  factor  (14,  15),  and  the  dog's  temper¬ 
ature  (16).  Oxygen  concentrations  of  systemic  arterial 
(Caoj  and  pulmonary  arterial  (C\u,)  blood  were 
measured  in  duplicate  by  a  g.ilvanic  cell  instrument 
(Lex-Oi-Con-TL,  Lexington  Instruments)  (17).  Base 
excess  was  estimated  using  a  modification  of  the 
equations  of  Severinghaus  (18). 


During  each  condition,  arterial  blood  samples  were 
obtained  for  enzymatic  measurement  of  whole  blood 
lactate  concentrations  (19). 

Results  in  the  normovolemic  anesthetized  state 
were  compaied  with  results,  in  the  awake  condition 
by  analysis  of  variance  with  repeated-  measures  and 
by  Student's  f-test  for  paired  data.  For  each  anesthetic, 
the  influence  of  hemorrhage  on  the  measured  at^d 
calculated  variables  was  assessed  by  analysis  of  vari¬ 
ance  with  repeated  measures.  Comparison  among 
anesthetic  agents.at  normovolemia  and^at  cach  level 
of  hemorrhage  was  accomplished  by  analysis  of  var¬ 
iance  with  repeated  measures  and  by  Newman-Keuls 
method  of  multiple  comparisons.  Data  obtained  in 
normovolemic,  anesthetized  state  after  the  return  of 
shed  blood  were  compared  with  data  obtained  before 
hemorrhage  using  the  paired  Student's  t-tcstd20).  In 
all  cases,  p  <  0.05  was  considered  statistically  signif¬ 
icant; 

As  a  control,  all  animals  were  anesthetized  with 
ketamine  forta  second  time;  the  same. induction  and 
maintenance  doses  were  used.  Although  no  hemor¬ 
rhage  was  instituted,  all-other  procedures  and  meas¬ 
urements  were  the  same  as  in  the  first  ketamine 
experiment,  including  the  times  at  which  measure¬ 
ments  were  performed.  Statistical  analysis  of  these 
data  did  not  indicate  significant  change  in  any  meas¬ 
ured  variable  with  time  during  ketamine  anesthesia. 

Results 

Awake  vs  Anesthetized  States  (during 
Normovolemia) 

Mean  (±SE)  values  for  the  five  normovolemic  dogs 
are  presented  in  Table  1. 

All  inhalation  jinesthetics  decreased  mean  arteiial 
blood  pressure  (BPa).  The  increase  in  BPa-bbserved 
during  ketamine  anesthesia  was  iu)t  statistically  sig¬ 
nificant.  During  normovolemia,  BPa  was  higher  with 
ketamine  than  with  halothane,  which  was  higher  than 
with  isofluranc,  which  was  higher  than  with  enflur- 
ane. 

Cardiac  output  (0)  decreastd -with  eivflurane,  in¬ 
creased  with  ketamine,  and  did  not  change  with  hal¬ 
othane  or  isoflurane.  During  normovolemia,  Q  was 
higher  with  ketamine  than  with  all  inhalation  anes¬ 
thetics,  and  significantly  lower  with  enflurane  than 
with  all  other  agents. 

Only  ketamine  altered  (increased)  heart  rate.  Left 
ventricular  stroke  volume  decreased  only  with  enflur¬ 
ane,  and  during  normovolemia  it  was  higher  with 
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TABLE  1 


Comparison  of  Cardioraspiratory  Respohsas.of  Fiv.a  Oogs,  Awake  and  Anesthetizad;  during  ^ero  Biood  Loss* 


-  “ 

Awake 

Enflurane 

Halothane 

Isoflurane 

Kelamme 

End4idal  concentration  (%) 

0.6 

2.48  i  0.03 

0.99  ±  0.01 

1.68  ±  0.01 

NA 

BPa  dorr) 

109.6  ±  2.1 

7V.8  ±  3.3“ 

99.4  ±  2.3* 

83.0  ±  7.0* 

*,24.0-±-6-.6 

HR  (beajs/min) 

'118.4  ±  10.8 

117.8  ±  2.8 

116.0  ±  5.8 

125.0  ±  5.5 

167.6  ±  TZ.4'' 

G  (L/ihTh) 

129  ±  0.35 

3.45.±  0.1 4‘ 

4.80.±  0,18 

5.00  ±  0.20 

5.97  ±  0.18* 

SV  (ml) 

45.6  ±  3.5 

29.4  ±  i  ;6* 

41.8  ±  2.6 

40.1  ±  0.7 

37.5  ±  4.8 

LVSW(g,x  m) 

5.31  ±  0.47 

2.25  ±  0.21“ 

4.41  ±  0.37 

341  ir0.31* 

4.92  ±  0,66 

LVMW  (g  X  m/min) 

611  ±  37 

263  ±  19* 

506  ±  30 

421  ±  27* 

783  ±  44' 

SVR  (torr/L/min) 

21.2  ±  1.8 

21.0  ±  1.1 

20.8  ±  0.5 

16.8  ±  1;8 

20.8  ±  1.4 

PAP  dorr) 

11.2  ±  2.0 

14.3*  1.4 

1 4.7  *-1,8; 

14.6  ±  1.4 

14.0.!±  i.6 

PVR  (torr/L/min) 

1.09  ±  0.14 

1.62  ±0.22 

1.52  ±  0.18 

1.58  ±  0.39 

1.S6  ±  0,21 

C(a-v)o,  (ml  Oj/dl) 

4.2  ±  0.29 

3.8  ±  0.35 

2.2  ±  0.17* 

2.B  ±  0.22* 

4.2  ±  0.53 

(ml  Oj/min/kg) 

7.73  ±  0.48 

4.46  ±  0.52* 

3.95  ±  0.32“ 

4.92  ±  0.55* 

8,55  ±1.17 

To,  (ml  Oj/mln/kg) 

32.7  t  2.4. 

20.1  ±  1.6' 

29.7  ±  0.8 

29.4  ±  2.0* 

36,8  1,2 

Tc/'l'o, 

4.26  ±  0.28 

4.65  ±  0.43 

7.76  ±  0.52* 

6.14  ±  0.49* 

4, 58/ ±=0.53 

Pao,  dorr) 

97.6  X  3.8 

109.8  ±3.7* 

95.9  ±1.0 

107.9  ±'5.2 

123.6  ±,8.4 

Paco,  dorr) 

31. 3. ±  1.5 

49.3  ±  2.8? 

42.0  ±  2.3* 

56.2  ±  2.3* 

.32s4  ±.0.9 

pHa 

7.439  ±  0.01 1 

7.298  ±  0.018* 

7.336  ±  0.010* 

7.230  ±  0.022* 

7.416  ±;0.016 

BE(meq/L) 

r3  3  *  0  6 

-2.4-±  0.7 

-3.4  ±  1.1 

-3.9  ±  0.9 

-3:9  *  0.7 

Hcl  (%) 

38.1  ±  0.6 

39.3  ±  0.6* 

38.7  ±  0.5 

30.3  ±  1.5 

38.8  ±  1  3 

Lactate  (mM/L) 

1.39  *  0.14 

0.33  ±  0.09* 

V.83  ±.0,28 

0.86  ±  0.11* 

1.75  ±  0.41 

PAPw  dorr) 

5.5  ±  1.7 

6.7  ±  1.4 

7i1  ±  2.2 

7.6  ±  2.5 

5.3  ±  1<0 

RPP(X  lO'*) 

16.8  t  1.1 

11.0  ±  0.3* 

14.5  ±  6.8 

-13.9  ±  1-.2 

28.3  ±  2.8* 

i/c  (L/min) 

3.8  ±  0.5 

5.8  ±  0.9 

5.7  ±  1.9 

14.5  ±  1  .1 

1.  (Oiealhs/min) 

9.0  ±  1.8 

19.2  ±  4.9 

21.9  ±  12.4 

39  7  X  4,4 

V,  (L) 

0.47  ±  0.04 

0.32  ±  0.03 

6.37  ±  0.05 

0  38  1  0.06 

*  Values  arls  means  x  SE  i)i  live  dogs^  Abbreviations  used. are;  BP  a,  mean  arterial  blood  pressure;  MR.  heart  rale,  0,  carclmc 
oulDut;  SV,  stroke  volume;  LVSW,  left  ventricular  stroke  work;  LVMW,  left  ventricular  minute  work;  SVR,  systemic  vascular  resistance, 
PAP.  mean  pulmonary  arterial  pressure;  PVR.  pulmonary  vascular  resistance;  C(a-5)o„  arterial-venous  oxygon  concentration 
difference;  Vo,  total  body  oxygen  consumption:  To,,  oxygen  transport;  Pao„  paTtial  pressure  of  oxygon  in  artoriat'blood;  Paco,, 
partial  pressure  of  carbon  dioxide  in  arterial  blood;  pHa,  arterial  blood  pH;  BE,  base  excess  ol  arterial  blood;  Hct.^’tiematocril;  PAPw, 
pulmonary  arterial  wedge  pressure,  RPP,  r^alo-pressure  product;  Vt,  expired  minulo  vonlilahon;  I,  rospiralory  liequoncy;  Vi,  iid.nl 
volume;  NA,  not  applicable.  Comparison  of  responses  produced  by  each  anesthetic  separately  with  awake  stale,  'p  <  0.05,  "p  < 
0.01,  'p  <  O.OOS,  and  “p  <  0.001 .  For  other  statistical  inlormation.  see  Tables  5  and  6. 


isoflufane  and  halothane  than  with  ketamine  and 
enflurane. 

LVSWork  decreased  with  isoflurane,  and  to  a 
greater  extent  with  enflurane.  Ketamine  and  halo- 
thane  did  not.alter  LVSW;  consequently,  LVSW  w.rs 
lower  with  enflurane  than  with  the  three  other  anes¬ 
thetic  agents.  Similarly,  LVMW  declined  with  enflur¬ 
ane  and  isoflurane,  but  increased  with  ketamine  as  a 
result  of  increased  heart  rate.  Consequently,  during 
normovolemia,  LVMW'  was  greater  with  ketamine 
than  with  the  three  other  anesthetics,  whereas  LVMW 
was  lower  with  enflurane  than  with  the  three  other 
anesthetics. 

None  of  the  four  agents  altered  peripheral  or  pul¬ 
monary  vascular  resistances  or  mean  pulmonary  ar¬ 
terial  or  pulmonary  wedge  pressures. 

Total  body  oxygen  consumption  (Vo,)  decreased 
with  all  three  inhalation  anesthetics  and  did  not 
change  with  ketamime.  Consequently,  during  nor¬ 


movolemia,  Vo,  was  higher  with  ketamine  thaiv/wilh 
all  three  inhalation  anesthetics.  The  ratio  of  oxygen 
transported  to  oxygen  consumed  (To/Vo,)  increased 
with  halothane  and  isoflurane,  but  did  not  change 
with  either  ketamine  or  enflurane.  During  normovo¬ 
lemia,  To, /Vo,  was  higher  with-l.u'o.thane  than  with 
all  other  agents,  and  was  higher  with  isoflurane  than 
with  either  enflurane  or  ketamine. 

None  of  the  anesthetics  altered  base  excess.  Blood 
lactate  concentrations  decreased  signifnanlly  with  en¬ 
flurane  and  isoflurane  and  did  not  ihange  with  halo¬ 
thane  and  ketamine.  There  were  no  differences  among 
blood  lactate  concentrations  for  these  anesthetic 
agents  during  normovolemia. 

Physiologic  Sequelae  of  Hemorrhage 

Cardiopulmonary  responses  to  the  four  anesthetic 
agents  during  10%,  20%,  and  30%  blood  loss  are 
shown  in  Tables  2,  3,  and  4,  respectively;  statistical 
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TABLE  2 


Cardiorespiratory  Responsas  of  Five  Anesthatizad  Dogs  during  10%  Blood  Loss* 


Entiurane 

Haiolhane 

Isotiurane 

Ketamine 

End-iidal  concentration  (%) 

2.49  ±  0.04 

1.00  ±  0.01 

1.72  ±0.02 

NA. 

BPa  dorr) 

69.6  ±  2.6 

91.8  ±  3;3 

77.8.±  4.4 

124.0  ±  5.6 

HR  (beats/min) 

117.4  ±  2.9 

104.6  ±  5.3 

120.2  ±  2.7 

177.8  ±  i  7.6 

6  (L/min) 

2.92  ±  0.10 

3.74  ±  0.08 

4.15  ±  0.12 

5.11  ±0.39 

SV  dnl) 

23.8  ±  0.4 

36.0  ±  1 .7 

34.6  ±  1.3 

29.8  ±  3.1 

LVSW  (0  X  m) 

1.74  ±  0.07 

3.51  ±  0.28 

2.86-±-0.23 

3;S6'±’10:35 

LVMW  (g-x  m/min) 

215  ±  15 

362  ±  15 

343  ±  26 

672  ±  ,58 

SVR  dorr/L/min) 

23.8  ±  0.7 

24.6  ±  1.1 

18.7  ±  0.9 

24.7  ±  2.0 

PAP  dorr) 

12.3  ±  1.3 

11.7  ±  1.9 

1 1 .9  ±  1 .0 

11.6  ±4.9 

PVR  dorr/L/min) 

1.94  ±  0.33 

1.47  ±  0.28 

1.75  ±  0.26 

1.82  ±  0.07 

C(a*v)o,  (ml  Oj/dl) 

4.4  ±  0.48 

3.4  ±  0.14 

3.7  ±  0.37 

6.0  ±  0.70 

(ml  0,/min/kg) 

4.39  ±  0.6i 

4.70  ±0.12 

5.40  ±  0.53 

10.53  ±  1.24 

To,  (ml  Oj/min/Kg) 

16.4  ±  1.6 

23.1  ±  0.6 

23.0  ±  1.1 

31.2  ±  1.9 

To,/<'o, 

3.92  ±  0,43 

4.93  ±0.17 

4.42  ±  0.50 

3,08  ±  6.28 

Pao,  dorr) 

110.9  ‘  ‘3.5 

96.9  ±  3.4 

105.4  ±  2.6 

123.1  ±  5.7 

Paco,  dorr) 

45.2  ±  1.8 

42.4  ±  2.1 

54.5  ±  3,2 

30.0  ±  1 .4 

pHa 

7.328  ±  0.010 

7.329  ±  0.012 

7.230  ±  0.027 

7.401  ±  0.020 

BE  (meq/L) 

-2.5  ±  0.6 

-3.9  ±  1.0 

-4.9  ±  0.6 

-5.5  ±  1.1 

Hot  (%) 

38.3  ±  0.6 

37.1  ±  0.9 

36.4  ±  1.0 

37.8  •±  1.1 

Lactate  (mM/L) 

0.34  ±0.10 

1.87  ±  0.24 

0,88  ±  0.14 

2,57  ±  0.43 

PAPw  dorr) 

6.6  ±  1 .6 

6.3  ±  1.0 

5^2  ±  2.1 

5.1  ±  1.0 

RPP(x  10'*) 

10.4  ±  0.3 

12.1  ±  0,5 

1 2.A'±  0.8 

30..5,  ±4.1 

(L/min) 

5.1  ±  0.4 

6.1  ±  0.6 

4.7  a.sO.9 

15;0  ±  1.9 

f  (biaaltis/inin) 

1 2  0  ±  0.9 

15  7  ±  3.9 

14.5  ±  5:5 

<',0.2  ±  10.? 

V,  (L) 

0.43  ±  0,03 

0.30  ±  0.02 

0.39  ±  0.05 

0.34  1  0.04 

• 

•  Values  are  means  x  SE.  Abbievtalions  are  dolinod  in  iooir.ole  to  Table  1  For  slalislical  inlormnlion.  see  tables  5  and  (5 

TABLE  3 

Cardiorespiratory  Responses  of  Five  Anesthetized  Dogs  during  20%  Blood  Loss* 


Eniliji.-iiKt 

Haloth<anc 

Isolluraiio 

Keliimum 

End-lidalconconIralion  {%) 

2  52  ±  0.02 

1.02  ±  0.01 

1.69  ±  0.02 

NA 

BPa  dorr) 

01  8  13  4 

88  8  ±  2  8 

09.0  ±  3,3 

11?  4  ±  7  9 

HR  (beats/min) 

119.6  ±  4.2 

113  8  ±  8-9 

120,8  ±  4.3 

190.2  ±  2/.0 

Q  (L/inin) 

?  38  ±  0.14 

3.10  ±  0.14 

3.52  ±  0.13 

3.58  ±  0.?7 

SV  (ml) 

19.9  ±  1  1 

27.8  ±  1.9 

29,2  ±  1.2 

20.2  1  3.0 

LVSW  (g  X  m) 

1.31  ±  0.14 

2.62  ±  0.25 

2.13  ±  0.13 

2.61  ±  0.51 

LVMW  (g  X  m/min) 

157  ±  18 

290  ±  1 1 

256  ±  12 

468  ±  90 

SVR  dorr/L/min) 

26  2  ±  1.4 

29.0  ±  1.9 

19.8  ±  1.4 

32.6  ±23 

PAP  dorr) 

10.6  ±  1.2 

10.0  ±  1.4 

9.2  ±  1.5 

9.2  ±  2  1 

PVR  dorr/L/min) 

1.87  ±  0.31 

2.36  ±  0.22 

1.68  ±  0.18 

1.99  ±  0  82 

C(a-v)o,  (ml  Oj/dl) 

5.9  ±  0.50 

4.0  ±  0.34 

4.2  ±  0:21 

6.4  ±  0.48 

Vo,  (ml  0,/min/kg) 

4.74  ±  0.41 

4.49  ±  0,22 

5.22  ±  0.44 

8.05  ±141 

To,  (ml  0,/min/kg) 

13.2  ±  1.5 

18.4  ±  0.9 

19.0  ±  1.0 

20.2  ±  2.4 

To./Vo, 

2.82  ±  0.31 

4.15  ±  0.33 

3.70  ±  0.25 

2.69  ±  0.24 

Pao,  dorr) 

104.2  ±  3.2 

99.5  ±  6.3 

103.0  ±  2.9 

118.8  ±  7.2 

Paco,  dorr) 

43.4  ±  1.5 

42.9  ±  2.3 

56.7  ±  3.4 

32.2  ±  1.3 

pHa 

7  340  ±  0.011 

7.321  ±  0.013 

7.221  ±0  032 

7.361  ±  0.011 

BE  (meq/L) 

-2.6  ±  0.5 

-4.5  ±  0.9 

-4.7  ±  0.8 

-7.4  ±  0.0 

Hcl  (%) 

36.7  ±  1.2 

3G,4  1  1.0 

36.3  ±  0.9 

36.0  ±  1.0 

Lactate  (mM/L) 

0.43  ±0.13 

1.68  ±  0.24 

0.96  ±  0.12 

2.76  ±  0.60 

PAPw  dorr) 

5.8  ±  1.6 

2.9  ±  1.2 

3.6  ±  1.8 

6,1  ±  2.1 

RPP(xlO') 

9.6  ±  0.6 

12.6  ±  0.4 

1 1 .4  ±  0.6 

29.4  ±  5.7 

Vt  (L/min) 

6.1  ±  1.2 

6.8  ±  1 .2 

5.1  ±  1.0 

12.1  ±23 

f  (breaths/min) 

16.7  ±  5,1 

19.2  ±  5.2 

16.9  ±  6.3 

36.0  ±  5,9 

V,  (L) 

0  39  ±  0.04 

0.33  ±  0.02 

0.37  ±  0.05 

0.33  ±0.19 

•  Values  are  means  t  SE,  AbDro'.ialions  are  delined  m  footnote  to  Table  t .  For  statistical  informatior ,  see  Tables  5  and  6 
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TABLE  4 

Cardiorespiratory  Responses  of  Five  Anesthetized  Doga  during:30%  Blood  Loss* 

Enliurano:  Halothane 

IsoMurano 

Kelaiiiine 

End-tidal  concentration  (%) 

2.52 

± 

0.02 

0.98 

± 

0.01 

1.67 

± 

0.02 

NA 

BPa  (torr) 

48.0 

± 

4.8 

81.0 

± 

3;5 

58.0 

± 

4.0 

94,0 

± 

7,2 

HR  (beats/min) 

120,0 

± 

5.5 

121.0 

t 

10.7 

124.2 

± 

4.4 

166:0 

± 

11.8 

Ct  (L/min) 

1.69 

± 

0.14 

2.45 

± 

0.19 

2.83 

± 

0.19 

2.48 

± 

0.15 

SV(ini) 

14.0 

0.9 

20  7 

± 

1.9 

24.2 

i 

1.2 

15.4 

2.1 

LVSW  (g  X  m) 

0.72 

± 

0.11 

1.79 

0,21 

1.48 

± 

0.10 

1.74 

± 

0.32 

LVMW  (g;X  m/mifi) 

87.7 

± 

15.5 

208 

± 

14 

185 

14 

288 

SO 

SVR  (!6rr/L/min) 

28.7 

t. 

2.4 

34.0 

± 

3.2 

21.0 

± 

2.4 

38.4 

± 

3,2- 

PAP  dorr) 

9;o 

± 

0.9 

7.6 

± 

1.4 

6.9 

± 

1.8 

6.0 

± 

i.9 

PVR  (tcr/L'/min) 

2.89 

0.35 

2.06 

.0.26 

1.52 

0.-40 

1.98 

± 

0.68 

C<a-y)b,  tfiM  Oj/dl) 

8.1 

0.79 

5.5 

± 

0.53 

5.0 

± 

0.58 

7.5 

1.09 

Vto,  (ml  Oj/min/kg) 

4.48 

± 

0.31 

4,82 

0.23 

4.88 

± 

0.19 

5.99 

± 

0.54 

Toi  (ml  Oj/min/kg) 

9.03 

± 

1.34 

13.5 

± 

0.7 

14.1 

± 

1.1 

12.4 

± 

1.0 

To./'Hb, 

2.00 

± 

0.25 

2.90 

■'± 

0.24 

2.92 

± 

0.28 

2.17 

± 

0,40 

Pao,  dorr) 

106.4 

± 

3.0 

100.0 

± 

7.1 

102.3 

5.2 

118.0 

t 

10.6 

Paco,  dorr) 

41.9 

± 

2.6 

42.4 

± 

2.1 

54.3 

3.5 

33.3 

± 

2.8. 

pHa 

7:345 

t 

0.024 

7.315 

± 

0.011 

7.2?4 

± 

0,029 

7.336 

± 

0.018 

BE  (meq/L) 

-3.4 

± 

0.5 

-4.7 

± 

0.8 

-5.7 

± 

0.6 

-8.0 

"1- 

6.5 

Hcl  (%) 

36.3 

± 

0.9 

36.0 

1.7 

34.5 

± 

0.9 

33.0 

± 

0.5 

Lactate  (mM/L) 

0.45 

± 

0.13 

1.79 

± 

0.35 

0.03 

0  17 

3  13 

± 

0:46 

PAPw  dorr) 

4.0 

± 

1.2 

2.6 

± 

1.2 

3.1 

± 

1.8 

3.8 

1.5 

RPP(XIO’) 

7.7 

at 

0.9 

11.9 

± 

0.6 

9.6 

± 

0.6 

21.2 

± 

3.5 

(L/min) 

7.3 

± 

2.9 

7.2 

± 

1.4 

6.3 

± 

1.6 

10.9 

± 

0.9 

f  (bfealhs/min) 

24.9 

± 

13.6 

19.2 

± 

5.4 

21.3 

± 

8.5 

33.4 

± 

6.2 

V,  (L)  . 

0.37 

± 

0.05 

0.39 

± 

0.10 

0.37 

± 

0.05 

0.35 

t 

0.04 

•  Values  are  means  t  SE.  Abbreviations  are  defined  in  footnote  to  Table  IvFor  stallslical  inlormailon,  soe-Tablos  5  and  6. 


analyses  of  the  effects  of  hemorrhage  on  each  variable 
are  given  in  Table  S. 

Progressive  hemorrhage  decreased  left-sided  filling 
pressure  (pulmonary  arterial  wedge  pressure)  with 
the  inhalation  anesthetics  but  not  with  ketamine; 
stroke  volume  decreased  with  ail  agents.  Heart  rate 
did  not  change  with  hemorrhage  with  any  anesthetic 
agent;  consequently.  0  decreased  progressively  with 
graded  hemorrhage  with  all  agents.  Systemic  vascular 
resistance  (SVR)  increased  progressively  during 
graded  hemorrhage  with  all  agents  but  insufficiently 
to  prevent  a  progressive  decrease  in  BPa,  which  oc¬ 
curred  with  all  agents.  Similarly,  pulmonary  vascular 
resistance  increased  during  blood  loss  with  halothane 
and  enflurane,  but  did  not  change  with  ketamine  and 
isoflurane.  Mean  pulmonary  arterial  pressure  de¬ 
creased  progressively  with  hemorrhage  with  each  an- 
esthetic  agent. 

As  BPa  decreased  without  alteration  in  heart  rate, 
both  stroke  work  and  minute  work  progressively 
decreased  during  graded  hemorrhage  with  all  anes¬ 
thetics.  However,  rate-pressure  product  decreased 
with  the  inhalation  aiu-stliflics  with  blood  loss,  but 
decreased  with  ketamine  only  at  the  30%  level. 

As  Q  progressively  decreased  with  graded  hemor¬ 


rhage,  tissue  oxygen  extraction  [arterial-mixed  venous 
oxygen  concentration  difference,  C(a-v)Oa)  increased 
with  all  agents.  This  compensation  was  aderiiiate  with 
the  inhalation  anesthetics,  but  not  with  ketamine; 
oxygen  consumption  did  not  change  with  blood  loss 
with  the  inhalation  anesthetics,  but  decreased  with 
ketanrine.  Oxygen  transport  decreased  with  hemor¬ 
rhage  with  all  agent.s,  as  did  To/'v'o^. 

Base  deficit  increased  with  blood  loss  with  all 
agents  except  enflurane.  Hemorrhage  did  not  change 
blood  lactate  concentrations  with  the  inhalation  an¬ 
esthetics,  blood  lactate  concentrations  increased  with 
hemorrhage  with  ketamine. 

No  ventilatory  measurement  (expited  minute  ven¬ 
tilation,  ventilatory  frequency,  or  tidal  volume) 
changed  with  hemorrhage  with  any  anesthetic.  Hem- 
atociit  did  not  change  during  hemonhage  with  halu- 
t.hane  or  ketamine,  but  decreased  slightly  with  en¬ 
flurane  and  isoflurane. 

Comparison  among  Anesthetic  Agents  of 
Physiologic  Sequelae  of  Hemorrhage 

Statistical  analysis  of  comparison  among  airesthetic 
agents  at  each  level  of  hemorrhage  is  presented  in 
Table  6. 
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TABLE  5 

iSUtistical  Analysis  o(  Physiologic  Sequelae  of  Hemorrhage 
in  Five  Anesthetized  Dogs* 


Enflurane 

Halolhane 

laoflurane 

Ketamine 

BPa 

0.001 

0.001 

0.001 

0.001 

HR 

NS 

NS 

NS 

NS 

6 

0.001 

0.001 

0.001 

0.001 

SV 

NS 

0.001 

0.001 

0.001 

LVSW 

0.001 

0.001 

0.001 

0.001 

LVMW 

0.001 

0,001 

0.001 

0.001 

svB 

0.01 

o;ooi 

0.05 

0.001 

PAP 

0.001 

0.001 

0.001 

0.001 

PVR 

0.001 

0.05 

NS 

NS 

C(a-v)o, 

0.001 

0.001 

NS 

NS 

< 

NS 

NS 

NS 

0.05 

To, 

0.001 

0.001 

0.001 

0.001 

To./'i^o, 

6.001 

o;o6i 

0.001 

0.01 

Pao, 

NS 

NS 

NS 

NS 

Paco, 

NS 

NS 

NS 

NS 

pHa 

NS 

NS 

NS 

NS 

BE 

NS 

0.05 

0.05 

0.01 

Met 

0.01 

NS 

0.01 

NS 

Lactate 

NS 

NS 

NS 

0.01 

PAPw 

0.001 

0.05 

0.01 

NS 

RPP 

0.001 

0.05 

0.01 

NS 

Ve 

NS 

NS 

NS 

NS 

I 

NS 

NS 

NS 

NS 

Vi 

NS* 

NS 

NS 

NS 

•  Values  Indicate  whether  or  not  hemorrhage  had  a  statisti¬ 
cally  signilicant  efiect  on  indicated  variable,  p  is  less  than  the 
numerical  value  shown.  NS  =  p  >  0,05.  .Abbreviations  are 
delined  in  loolnole  to  Table  1 . 

At  each  level  of  olii’cmia,  lelt-sided  filling  pressure 
was  higher  with  ketamine  than  with  halothane,  which 
in  turn  was  higher  than  with  isoflurane,  which  in  turn 
was  higher  than  with  enflurane.  Stroke  volume  was 
always  lower  with  enflurane  and  ketamine  (no  signif¬ 
icant  difference  between  the  two)  than  with  isoflurane 
and  halothane  (no  significant  difference  between  the 
two).  Heart  rate  was  always  higher  with  ketamine 
than  with  all  inhalation  anesthetics,  which  did  not 
differ  among  themselves.  Therefore,  cardiac  output  at 
normovolemia  and  during  10%  blood  loss  was  highest 
with  ketamine  and  lowest  with  enflurane;  there  was 
no  difference  between  isoflurane  and  halothane. 
However,  as  blood  loss  increased,  0  decreased  to  a 
greater  extent  with  ketamine  (0.120  L/min/percentage 
of  blood  loss;  linear  regression,  r*  =  0.99)  than  with 
the  inhalation  anesthetics  (halothane  0.077,  isoflurane 
0.071,  enflurane  0.058  L/min/percentage  of  blood 
loss;  =  0.98  to  1.00),  so  that  there  was  no  difference 
in  Q  after  20%  blood  loss  among  ketamine  (3.58  ± 
0.27  L/min),  isoflurane  (3.52  ±  0.13  L/min),  and 
halothane  (3.10  ±  0.14  L/min);  or  after  30%  blood 
loss  among  ketamine  (2.48  ±  0.15  L/min),  isoflurane 


(2.83  ±  0.19  L/min),  and  halothane  (2.45  ±  0.19  L/ 
min).  Cardiac  output  with  enflurane  was  less  af  all 
levels  of  oligemia  than  with  aiiy  other  agent.  Com¬ 
pensation  for  the  decrease  in  Q  by  an  increase  in  SVR 
occurred  during  hemorrhage  with  all  agents,  but  to 
varying  degrees.  Although  there  were  no  differences 
in  SVR-  among  agents  before  hemorrhage,  after  30% 
blood  loss  SVR  was  greatest  with  ketamine;  SVR  was 
greater  with  halothane  than  with  enflurane,  which 
was  greater  than  with  isoflurane.  With  all  agents, 
compensation  was  incomplete,  and  consequently 
BPa  decreased  progressively  with  graded  oligemia.  At 
all  levels  of  blood  loss,.BPa  was  always  greater-with 
ketamine  than  with  halothane,  which  was  greater  than 
with  isoflurane,  which  was  greater  than  with  enflur¬ 
ane. 

During  normovolemia  and  at  all  stages  of  graded 
blood  loss,  no  differences  in  mean  pulmonary  arterial 
pressure  or  PVR  occurred  among  the  anesthetic 
agents.  At  each  stage  of  graded  hypovolemia,  stroke 
work  and  minute  work  were  least  with  enflurane. 
Rate-pressure  product  was  greater  with  ketamine  at 
every  level  of  blood  loss  than  with  all  inhalation 
anesthetics. 

Tissue  oxygen  extraction  at  all  levels  of  hypovole¬ 
mia  was  least  with  halothane  but  did  not  differ  among 
the  other  agents.  Total  body  oxygen  consumption  at 
normovolemia  and  at  10%  and  20%  blood  loss  was 
higher  with  ketamine  than  with  the  inhalation  anes¬ 
thetics;  at  30%  hemorrhage,  decreased  signifi¬ 
cantly  with  ketamine.  There  was  no  difference  in 
Voj  among  the  agents  after  30%  blood  loss. 

These  differences  in  Vo,  were  reflected  in  arterial 
blood  lactate  concentrations  and  calculated  base  ex¬ 
cesses.  In  response  to  hemorrhage,  arterial  blood  lac¬ 
tate  concentration  increased  only  when  animals  were 
anesthetized  with  ketamine;  after  30%  hemorrhage, 
blood  lactate  concentration  was  higher  during  keta¬ 
mine  anesthesia  than  during  anesthesia  with  all  other 
agents.  Similarly,  base  deficit  increased  with  hemor¬ 
rhage  during  ketamine  anesthesia  to  a  greater  extent 
than  with  the  inhalation  anesthetics,  so  that  after  10% 
blood  loss,  base  deficit  was  higher  with  ketamine  than 
with  halothane  and  enflurane.  After  20%  and  30% 
loss,  base  deficit  was  greater  with  ketamine  than  with 
any  of  the  inhalation  anesthetics. 

Because  of  their  incomplete  nature,  data  from  two 
additional  animals  have  been  omitted;  these  animals 
died  as  a  result  of  ketamine  studies.  During  a  keta¬ 
mine  experiment  one  animal  died  from  progressive, 
uncontrollable  hyperthermia  and  cardiovascular  col¬ 
lapse.  The  other  dog  died  36  hours  after  failing  to 
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TABLE  6 

Statistical  Comparison  of  Katamiha  (K),  Halothana  (H),  Isofturana  (I),  and  Enflurana  (E),at.Normoyolemia  and-aL Each  Laval  of 
Hamorrhaga  In  Fiwa  Dogs  • 


Normovolemia 


10 


Blood  Loss  (%) 


20 


30- 


BPa 

HR 

6 

§V 

LVSW 

LVMW 

SVR 

PAP 

PVR 

C(a-v)o, 

'io, 

To, 

To./Voi 

Pao, 

Pacoj 

pHa 

BE 

Hot 

Lactate 

PAPw 

RPP 

Vc 

I 

V, 


K>H>  I  >E- 
K> I -E-H- 
K> I -H>f- 
'\  iH>k  tf  E- 
K-H>  I  >E- 
K>H- I >E- 
E-K-H- I 


K-H-E>  I- 


NS 

NS- 


E^K* I >H- 
K> I -E-H- 
K>H- I >E- 

=H>M  >E-K 

iri-  r~H- 

I >E-H>K- 
K>H>E> I 
E-H-K- I 


H  t 


K>H-E> I 
E>H  y  K 


NS- 

NS- 


K-H> I >E 
K:>H-  !  -E- 
K  >  H  -  E  -  I  - 
K> I -H-E- 
NS - 


K>H>  I  >E- 


K  I  H>E 


H-K-I>E- 


K-  I  -H>E- 

— r-V - 

H  I  E  K 


K  E  H>l 
E>H-  I  >K- 


<K-H>E 


K-H- I >E 
K>H>E> I 


K- I -H-E 


H- I -E-K 


E-K-H> 


’  Abbreviations  are  clofinod  in  iootnote  to  Table  1,  NS,  no  significant  dilferonce  among  agents.  Agents  listed  in  descending  order 

of  magnitude,  >  indicates  all  agents  to  left  of  symbol  ore  statistically  (p  <  0.05) greater  than  all  agents  to  right  n  bo  d.aidicritc!i 

— 

a,  b,  and  c  are  all  greater  than  d:  a  is  greater  than  c,  but  not  greater  than  6;  nor  is  b  greater  than  c.  Similarly,  abed  indicates  that’ 

the  only  statistically  significant  difference  Is  that  a  is  greater  than  c  and  d.  a  b  -  c  d  Indicates  that  a  is  statisticully  greater  than  c  and 
d,  and  b  is  statistically  greater  than  d. 


recover  from  a  ketamine  experiment  in  which,  after 
30%  hemorrhage,  Q  and  BPa  were  lower  and  base 
deficit  was  higher  than  during  the  comparable  period 
of  the  halothane  experiment  in  the  same  dog.  No 
deaths  or  complications  occurred  during  or  after  ex¬ 
periments  with  any  inhalation  anesthetic. 

Discussion 

In  general,  the  influence  of  anesthetic  agents  in  our 
dogs  was  similar  to  that  observed  by  others  in  dogs 
(10,  21-29)  and  in  man  (30-39)  (Kopriva  CJ.  Hemo¬ 
dynamic  effects  of  intravenous  ketamine  in  patients 
with  coronary  artery  disease.  Abstracts  of  Scientific 
Papers.  Annual  Meeting  of  the  American  Society  of 
Anesthesiologists,  October  1974,  pp  233-4).  No  other 
study  has  directly  compared  these  four  anesthetic 
agents  in  the  same  animals,  although  Miller  et  al  (40) 
recently  compared  halothane,  enflurane,  and  keta- 
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mine  in  normovolemic  rats.  Differences  between  the 
two  studies  may  be  a  result  of  differences  in  species 
and/or  experimental  protocol, 

In  comparing  these  four  anesthetics  during  nor¬ 
movolemia,  only  ketamine  produced  cardiovascular 
stimulation.  Enflurane  in  equi-MAC  concentration 
produced  greater  cardiovascular  depression  than 
either  isoflurane  or  halothane.  All  inhalation  anes¬ 
thetics  decreased  total  body  oxygen  consumption,  but 
only  halothane  and  isoflurane  reduced  oxygen  de¬ 
mand  more  than  oxygen  supply. 

Comparison  among  Anesthetic  Agents  of 
Physiologic  Sequelae  of  Hemorrhage 

The  cardiovascular  stimulation  seen  with  ketamine 
during  normovolemia  persisted  during  hemorrhage. 
At  all  levels  of  blood  loss,  left  heart  filling  pressure, 
heart  rate,  and  mean  arterial  blood  pressure  were 
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always  greatest  with  ketamine.  Similarly,  in  response 
to  graded  blood  loss,  SVR  increased  most  with  keta¬ 
mine.  However,  despite  the  stimulatidn.-.cardiac  out¬ 
put  decreased  more  with  blood  Ipss  duriiig  ketamine 
anesthesia  than  during  anesthesia  with  any  of  the 
inhalation  anesthetics.  After  30%  blood  loss,  no  sta¬ 
tistical  difference  in  0  occurred  among  ketamine, 
isoflurane,  and  halothane.  As  a  result,  minute  work, 
rate-pressure  product,  and  oxygen  consumption  dur¬ 
ing  hemorrhage  were  always  highest  with  ketamine. 
After  30%  blood  loss,  Voj  decreased  with  ketamine, 
but  did  not  change  with  the  inhalation  anesthetics, 
suggesting  that  oxygen  demand  was  not  met  at  this 
level  of  blood  loss  during  ketamine  anesthesia.  This 
hypothesis  is  supported  by  the  more  pronounced 
changes  in  base  excess  in  response  to  hemorrhage 
with  ketamine  and  by  the  increase  in  blood  lactate 
concentrations  seen  only  with  ketamine  during  blood 
loss.  It  is  well  documented  that  hemorrhage  increases 
sympathetic  activity  (41).  Short-term  benefits  of  such 
stimulation  are  obvious;  increased  cardiac  output  and 
mean  arterial  blood  pressure.  It  is  far  from  clear  that 
the  cardiovascular  gain  is  worth  the  metabolic  price. 

Our  results  are  in  some  ways  analogous  to  those  of 
Theye  et  al  (7),  who  compared  survival  times  during 
removal  of  0  to  40  ml/kg  of  blood  from  ventilated 
dogs  with  intact  spleens  who  were  anesthetized  with 
cyclopropane,  halothane,  or  isoflurane.  Before  blood 
loss,  cyclopropane  resulted  in  higher  cardiac  output 
and  mean  aiterial  blood  pressure  than  either  halo- 
thane  or  isoflurane.  The  authors  (7)  attributed  their 
results  to  higher  arterial  concentrations  of  epineph¬ 
rine  during  cyclopropane  anesthesia,  Their  observa¬ 
tions,  in  part,  also  may  have  been  a  reflection  of  the 
direct  vasoconstrictive  action  of  cyclopropane  (42) 
and/or  its  lesser  net  myocardial  effects  (43).  With 
hemorrhage,  0  and  BPa  decreased  more  with  cyclo¬ 
propane  than  with  cither  inhalation  anesthetic,  and 
arterial  epinephrine  increased  more  with  cyclopro¬ 
pane  than  with  either  inhalation  anesthetic.  Total 
body  oxygen  consumption  decreased  the  most,  and 
arterial  lactate  concentration  increased  the  most  with 
cyclopropane.  Survival  time  was  shorter  with  cyclo¬ 
propane  than  with  either  isoflurane  or  halothane.  Our 
results  with  ketamine  are  similar  to  those  obtained 
with  cyclopropane  (7).  By  anesthetizing  our  dogs  with 
each  anesthetic  agent  and  following  an  identical  hem¬ 
orrhage  protocol  each  time,  we  found  that  ketamine, 
like  cyclopropane,  does  not  appear  to  be  as  useful  for 
maintenance  of  anesthesia  during  hemorrhage  as 
agents  that  are  not  sympathetic  stimulants. 

Longnecker  and  Sturgill  (44),  using  rats  that  were 


bled  to  BPa  of  40  torr  for  1  hour,  found  a  higher 
survival  rate  in  rats  anesthetized  with  ketamine  than 
in  those  anesthetized  with  pentobarbital  or  halothane. 
Longnecker  and  Sturgill  speculated  that  ketamine 
may  have  increased  survival  rate  in  these  animals 
because  a  balance  between  oxygen  demand  and  deliv¬ 
ery  was  maintained.  Howevet,  they  did  not-measure 
blood  gas  tensions,  cardiac  output,  regional  blood 
flow,  oxygen  consumption,  or  blood  lactate  concen¬ 
tration.  Our  dogs  required  a  higher  Fio,  to  maintain 
Pao,  at  100  torr  when  anesthetized  with  the  inhalation 
anesthetics  sthan  when  anesthetized  with  ketamine. 
Because  Longnecker  and  Sturgill's  rats  breathed  room 
air,  it  is  possible  that  their  animals  which  were  anes¬ 
thetized  with  halothane  were  hypoxic.  Although  we 
did  not  measure  regional  blood  flow  or  metabolism, 
our  total  body  data  do  not  support  the  concept  that 
ketamine  maintains  a  balance  between  oxygen  de¬ 
mand  and  delivery. 

The  lack  of  change  in  heart  rate  with  hemorrhage 
that  we  noted  has  also  been  observed  previously  by 
others  (3-5).  Reviewing  several  hundred  of  his  exper¬ 
iments  on  dogs,  Wiggers  (45)  noted  that  heart  rate 
response  to  hemorrhage  was  somewhat  variable,  l  ie 
found  that,  in  general,  when  heart  rale  was  initially 
below  100  beats  per  minute,  it  increased  in  response 
to  hemorrhage;  that  when  it  was  initially  150  beats 
per  minute  or  greater,  it  tended  to  decrease  in  re¬ 
sponse  to  hemorrhage.  Inasmuch  as  the  initial  heart 
rates  of  our  dogs  were  approximately  120  beats  per 
minute,  it  is  not  surprising  that  heart  rate  did  not 
change  with  hemorrhage. 

In  man,  duration  of  anesthesia  alters  the  cardiovas¬ 
cular  actions  of  halothane  (33)  and  enflurane  (30,  31) 
but  not  of  isoflurane  (37,  38).  There  is  no  evidence 
that  such  recovery  occurs  in  dogs.  Each  of  our  studies 
took  several, hours,  the  mean  time  between  induction 
of  anesthesia  and  measurements  made  after  30% 
blood  loss  being  282  minutes.  The  me.v  urements 
taken  in  normovolemic  animals  during  the  early  pait 
of  the  anesthetic  procedure  and  those  taken  late  m 
the  anesthetic  procedure  after  return  of  the  shed 
blood  did  not  differ  significantly.  Also,  during  seveial 
hours  of  ketamine  anesthesia  without  hemorrhage, 
measured  and  calculated  variables  did  not  change. 
These  two  facts  indicate  that  no  functional  mechanism 
altered  cardiovascular  function  with  time  during  an¬ 
esthesia. 

As  our  animals  breathed  spontaneously,  Paco^  var¬ 
ied  among  anesthetic  agents  (Tables  5  and  6).  The 
dogs  were  mildly  hypocarbic  with  ketamine,  hyper- 
carbic  with  isoflurane,  and  nearly  normocaibic  with 
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halothane  arid  enflurane.  Cardiovascular  stimulation 
caused  by  carbon  dioxide  is  blunted  by  halothane  (35, 
36),  isoflurane  (37),  cyclopropane  (46),  and  fluroxene 
(47).  Cardiovascular  depression  seen  with*  enflurane 
during  controlled  ventilation  (31)  is  eliminated  when 
Pacoj  is  allowed  to< increase  with  spontaneous  venti- 
latiori  (30).  However,  after  scverahhours  of  enflurane 
anesthesia  with  spontaneous  ventilation  in  volunteers, 
Paco,  returned  to  near  normal  values,  but  cardiovas¬ 
cular  depression  did  not  become  evident.  Thus,  at  the 
time  we  performed  our  measurements,  it  appears  that 
the  relationship  of  cardiovascular  stimulation  by  COz 
during  enflurane  anesthesia  is  altered.  It  is  possible 
that  differences  in  Pco,  influenced  our  results.  There 
are  no  data  regarding  the  interaction  of  hemorrhage, 
anesthetic  anesthetics,  and  carbon  dioxide;  hovyever, 
the  relatively  mild  hypocapnia  seen  with  ketamine 
(e.g.,  Pco,  33  tprr  at  30%  blood  loss)  is  not  likely  to 
have  resulted  in  major  hemodynamic  changes. 

Clinical  Implications 

Our  data  suggest  that  ketamine  may  be  less  desir¬ 
able  than  halothane  or  isoflurane  for  maintenance  of 
anesthesia  during  moderate  hypovolemia.  However; 
it  may  be  inappropriate  to  translate  these  studies  in 
animals  directly  to  man.  Differences  and  similarities 
in  the  cardiovascular  effects  of  anesthetic  agents  be¬ 
tween  man  and  dog  during  normovolemia  may  not 
be  the  same  during  hypovolemia.  Finally,  our  exper- 
imei\tb  did  not  study  the  effects  of  anesthetics  used 
for  induction  of  anesthesia  in  the  presence  of  preex¬ 
isting  hypovolemia,  and  consequently  we  can  make 
no  comment  in  this  regard.  The  considerations  and 
consequences  of  producing  acute  sympathetic  stimu¬ 
lation,  as  during  induction  of  anesthesia,  may  not  be 
similar  to  those  during  the  more  prolonged  mainte¬ 
nance  of  anesthesia. 

ACKNOWl  CDCMr.NTS 

The  authors  express  their  appreciation  tO'  Nancy  |.  Stevenson 
for  technical  assistance,  Alan  llophins,  Dale  Hams,  I’hD,  and  Carl 
I’eck,  MD,  for  their  advice  and  assistaiue  with  the  statistical 
treatment  of  the  data,  William  Rodkey,  DVM,  and  Donald  Griffeu, 
DVM,  for  their  help  with  the  animals,  and  Ohio  Medical  Products, 
for  supplying  the  isoflurane.  The  authors  also  thank  Ors.  U.  I  fgcr 
II,  H.  B.  Fairley,  W.  K.  Hamilton,  R.  D  Miller,  and  1  W  Severing- 
haus  for  their  helpful  critual  review  of  .his  manusiript 

REFERENCES 

1.  Skillman  )),  Hedley-Whyte  J,  Pallotta  JA.  Cardiorespiratory, 
metabolic  and  endocrine  changes  after  hemorrhage  in  man. 
Ann  Surg  1971;174;91I-22. 

2.  Kim  51,  Desai  )M,  Shoemaker  WC.  Sequence  of  cardiorespir¬ 
atory  alterations  after  gradual  prolonged  hemorrhage  in  con¬ 
scious  dogs.  Am  I  Physiol  19t>9;2lo;1041-50, 


3.  Roberts  JG,.Foex  P,  Clarke  TNS,  Bcnnet  MJ,  Saner- CA.  Hae¬ 
modynamic  interactions  of  high-dose  propranolol  pretreatment 
and  anaesthesia  in  the  dog.  III.  The  effects  of  haemorrhage 
during  halothane  and-.trichloroethylehe  anaesthesia,  Br  J  An- 
aesth  I976;48;4n-8. 

4.  Hojan  BF,,  Prys-Roberts  C,  Roberts  JG,  Bennett  M),  Foex  P. 
Haemodynamic  responsi-  Mo  isoflurane  anaesthesia  and  hy- 
povolaemia  in  the  dog,  and  their  modification  by  propranolol. 
Br  J  Anaesth  1977;49:J  179-87, 

5.  Horan  Bp,  Prys-Roberts  C,  Hamilton  WK,  Roberts  |G.  Hae¬ 
modynamic  responses  to  enflurane  anaesthesia  and  hypuvolae- 
'mia  in  the  dog,  and  their  modification  by  propranolol.  Br  J 
Anaesth  1977;49:n89-97. 

6.  Freeman  J,  Nunn  JF.  Ventilation-perfusion  relationships  after 
haemorrhage.  Clin  Sd  1963;24:135-47. 

7.  Theye  RA,  Perry  LB,  Brzica  SM  Jr.  Influence  of  anesthetic  agent 
on  response  to  hemorrhagic  hypotension.  Anesthesiology 
1974;40:32-40, 

8.  Cameiro  JJ,  Donald  DE.  Blood  reservoir  function  of  dog  spleen, 
liver,  and  intestine.  Am  J  Physiol  1977;232:H67-72. 

9.  Roizen  MF,  Moss'),  Henry  DP,  Kopin  IJ.  Effects., of  halothane 
on  plasma  catecholamines.  Aucsthesiology  1974;‘fl:432-9. 

10.  Perry  LB,  Van  Dyke  RA,  theye  RA.  Sympathoadrenal  and 
hemodynamic  effects  of  isoflurane,  halothane,  and  cyclopro¬ 
pane  in  dogs.  Anesthesiology  1974;46:46,‘i-70. 

11.  Weiskopf  RB,  Gabel  RA,  FencI  V.  Alkaline  shift. in  lumbar.and. 
intracraniai  CSF  in  man  after  5  days  at  high  altitude.  J  AppI 
Physiol  i976;41:93-7. 

12.  Hoff  HE,  Deavers  S,  Huggins  RA.  Effeits  of  hypertonic  glucose 
and  mannitol  on  plasma  volume.  Proc  Soc  Exp  Biol  Med 
1966;122:630-4. 

■13.  Svveriiigliau5-)VV.  Design  of  a  capillary  pH  electrode  incorpo¬ 
rating  an  open  liquid  |unction  and  reference  electrode  in  a 
single  unit.  Scand  j  Clin  Ub  Invest  1965;l7.614-6. 

14.  Hulands  GH,  Nunn  JF,  Patterson  CM,  Calibration  of  polaro- 
graphic  electrodes  with  glycerol/water  mixtures,  Br  J  Anaesth 
1970;42:9-14. 

15.  Weiskopf  RB,  Nishitnura  M,  Severinghaus  J  W.  The  .ibsence  of 
an  effect  of  halothane  on  blood  hemoglobin  O.-  equilibrium  in 
Wifii.  Anesthesiology  |971;.Vi'.579-8l 

16.  Severinghaus  )W.  Blood  gas  calculator. )  AppI  Physiol  1966;2lJ 
1108-16, 

17-  Kusumi  F,  Butts  WC,  Ruff  WL.  Superior  analytical  perform¬ 
ance  by  electrolytic  cell  analysis  of  blood  oxygen  content.  J 
AppI  Physiol  1973;35:299-300 

18.  Severinghaus  )W.  Analog  computer  for  base  exi  e.ss  and  HC.O> 
from  pH  and  PCO^  electrodes,  ILLE  Frans  Biuined  Fog  1970.23 
77-81. 

19.  Henry  RJ,  Cannon  DC,  Winkelui.m)W,  cils.C  linK.il  iheniistry, 
principles  and  techniques.  2nd  ed.  New  York  1  larper  and  Row, 
1974;1328-.34. 

20.  Snedecor  GW,  Cochian  WG.  Statistical  melhoils.  oth  cd.  Ames, 
lA;  Iowa  State  University  Press,  1967 

21.  Klide  AM.  Caidiupulmonary  effeits  of  enflurane  and  isollur- 
ane  in  the  dog.  Am  J  Vet  Res  |97o,37'l27-31 

22.  Merin  RG,  Kumazawa  T.  Luka  NL,  Enflurane  depi  esses  my¬ 
ocardial  function,  perfusion,  and  metabolism  in  the  dog  Anes¬ 
thesiology  1970;4S:S0l-7. 

23.  Theye  RA,  Michenfelder  JD.  Whole-body  and  organ  \'o. 
changes  with  enflurane,  isoflurane,  and  haiolh.uie  BrJ  Anaesth 
l975;47;813-7. 

24.  Merin  RG,  Kumazawa  T,  Luka  NL.  Myocardial  function  and 
metabolism  in  the  conscious  dog  and  during  halothane  anes¬ 
thesia.  Anesthesiology  1970,44:402-15. 

25.  Theye  RA.  Contributions  of  individual  organ  systems  to  the 
decrease  in  whole-body  Vo,  with  halothane  Anesthesiology 
1972;37;367-72. 

26.  Trailer  DL,  Wilson  RD,  Priaiio  LL.  The  effeit  of  alpha-adie- 


490 


ANESTHESIA  AND  ANALGESIA 
Vol60.  No7.  July  1981 


WEISKOPF  ET  AL 


nrfgic  blockade  on  Jhe  cardiopulmonary  response  to  ketamine. 
Anwth  Anaig  1971;50;737-42. 

27.  Horwit*  LD.  Effects  of  intravenous  anesthetic  agents  on  left 
ventricular  function  in  dogs.  Am  J  Physiol  1977;232:H44-8. 

28.  Schwartz  DA,  Horwitz  LD.  Effects  of  ketarnine  on  left  ventric¬ 
ular  performance.  J  Pharmacol  Exp  Ther  197S;194:4I0-4. 

29.  Foils  JD,  Afonso  S,'Rowe  GG.  Systemic  and  coronary  haemo¬ 
dynamic  effects  of  ketamine  in  intact  anaesthetized  and  unan¬ 
aesthetized  dogs.  Br  I  Anaesth  1975;47;686-94. 

30.  Calverley  RK.’Smith  NT,  Jones  CW,  Prys-Roberts  C,  Eger.  El 
11.  Ventilatory  and  cardiovascular  effects  of  enflurane  anesthe¬ 
sia  during  spontaneous  ventilation  in  man.  Anesth  Anaig 
1978;57:610-8. 

31.  ,Calvj?rley  RK,  Smjth  NT,  Ptys-Roberts  C,  Eger  El  II,  Jones  CW. 
Cardiovascular  effects  of  enflurane  anesthesia  during  con¬ 
trolled  ventilation  in  man,  Anesth  Anaig  1978, -57:619-28. 

32.  Marshall  BE,  Cohen  PJ,  Klingenmaier  CH,  Neigh  JL,  Pender 
JW,  Some  pulmonary  ahd'cardiovascular  effects  of  enflurane 
(Ethrane)  anaesthesia  with  varying  Pam,  in  man.  Br  J  Anaesth 
19H;43:996-1002. 

33.  Eger  El  II,  Smith  NT,  Stoelting  RK,  Cullen  DJ,  Kadis  LB, 
VVhitcher  CE.  Cardiovascular  effects  of  haluthane  in  man. 
Anesthesiology  1970;32:396-409. 

34.  Sonntag  H,  Doiuth  U,  Hillebrand  W,  Merin  RG,  Radke  J.  Left- 
ventricular  function  in  cohKibus  man  and  during  haidihahe 
anesthesia.  Anesthesiology  1978,48:320-4. 

35.  Bahlman  SH,  Eger  El  11,  Halsey  MJ,  et  al.  The  cardiovascular 
effects  of  halothane  in  man  during  spontaneous  ventilation. 
Anesthesiology  1972;36:494-502. 

36.  Hornbein  TF,  Martjn  WE,  Bonica  JJ,  Freund  FG,  Parmentier  P. 
Nitrous  oxide  effects  on  the  circulatory  and  ventilatory  re¬ 
sponses  to  halothane.  Anesthesiology-I969;3l;250-60. 


37.  Cromwell  TH,-  Stevens  WC,  Eger  EPII,  et  al.  The  cardiovascular 
effects  of  compound  469  (Forane)  during  spontaneous  ventila¬ 
tion  and  COi  challenge  in  mart.  Anesthesiology  1971;35:17-2S. 

38.  Stevens  WC,  Cromwell  TH,  Halsey  MJ,  Eger  El  II,  Shakespeare 
TF,  Bahlman  SH.  The  cardiovascular  effects  of  a  new  inhalation 
anesthetic,  Forane,  in  human  volunteers  at  constant  arterial 
carbon  dioxide  tension.  Anesthesiology  1971;35:8-16. 

39.  Tweed  WA,  Minuck-M,  Mymin  D.  Circulatory  responses  to 
ketamine  anesthesia.  Anesthesiology  1972;37:613-9. 

40.  Miller  ED  Jr,  Kistner  JR,  Epstein  RM.  Whole-body  distribution 
of  radioactivity  labelled  microsphcrcs  in  the  rat  during  anes¬ 
thesia  with  halothane,  enflurane,  or  ketamine.  Anesthesiology 
1980;52:296-302. 

41.  Chien  S.  Role  of  the-sympathctic  nervous  system  in  hemor- 
fhaj^.  PhysiopRcvT567;47;21 4-88; 

42.  Price  HL,  Price  ML.  Effects  of  general  anesthesia  on  contractile 
responses  of  rabbit  aortic  strips.  Anesthesiology  1962;23:16- 
20, 

43.  Shimosato  S,  Shanks  C,  Listen  BE.  The  inotropic  effect  of 
cyclopropane  anesthesia  upon  the  intact  dog  heart.  Anesthe¬ 
siology  1970;33:497-502. 

44.  Longnecker-DE,  Sturgill  BC.  Influence  of  anesthetic  agent  on 
survival  following  hemorrhage.  Anesthesiology  1976,-45:516- 
21. 

45.  Wiiaers-GJi'Physiology-of-shock.  New  York,  The  Common¬ 
wealth  Fund,  1950:203-9. 

46.  Cullen  DJ,  Eger  El  II,  Gregory  GA.  The  c.irdiovasciilar  effects 
of  COj  in  man,  conscious  and  during  cyclopropane  anesthesia. 
Anesthesiology  19'69;31:407-I3. 

47.  Cullen  BF,  Eger  El  II,  Smith  NT,  Sawyer  DC,  Gregory  GA.  The 
-circuiaiiiiy  iespoiise  10' hypercapnia  duriivfluroxcn&uncsthe- 
sia  in  man.  Anesthesiology  1971;.t4:4 15-20. 


Specificity  of  Postoperative  Perfusion  Lung  Scan  Defects 

Ventilation  and  perfusion  lung  scans  were  performed  before  and  after  surgery  in  169  patients  and 
classified  blindly  according  to  preset  criteria.  Patients  admitted  to  the  hospital  for  major  elective 
surgical  procedures  were  selected  for  the  study  provided  they  gave  informed  consent  and  provided 
perfusion  and  ventilation  lung  scanning  facilities  were  available  in  the  department  of  nuclear  medicine. 
Whenever  possible,  patients  clinically  judged  to  be  at  high  risk  of  pulmonary  embolism  were  selected 
over  patients  at  low  lisk.  No  specific  prophylaxis  against  venous  thrombosis  was  used,  but  early 
ambulation  was  encouraged.  Perfusion  lung  scan  abnormalities  were  present  in  25  (15%)  of  the 
preoperative  scans  and  42  (25%)  of  the  postoperative  scans;  16  (38%)  of  the  abnoimal  postoperative 
scans  were  ide'  h  the  preoperative  scans.  Perfusion  defects  indicating  a  "high  probability"  of 

pulmonary  /r  ^lobar  or  segmental  defects),  were,  present  in  five  preoperative  scans  and  10 

postoperative  scans;  the  10  postoperative  scans  were  classified  as  showing  "definite"  (five  scans), 
"possible"  (one  scan),  or  "no"  (four  scans)  pulmonary  embolism  on  the  basis  of  the  preoperative  scan 
and  the  ventilation  scan;  none  of  the  10  patients  had  clinical  evidence  of  pulmonary  embolism. 
Venous  thrombosis  was  present  in  12  patients,  including  four  of  the  patients  whose  lung  scans 
showed  definite  pulmonary  embolism.  Thus,  postoperative  perfusion  lung  scan  defects  even  when 
large,  are  potentially  misleading.  ( Walker  /,  Aukland  P,  Hirsh  J,  et  al:  The  low  specilicity  of 
postoperative  perfusion  lung  scan  defects.  Can  Med  Assoc  J  1981;124:153-8) 
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ANESTHESIA  FOR  1-lAJOR  TRAUI4A 

This  chapter  will  emphasize  the  anesthesiologist's  role - 
in  the  management  of  patients  with  major  trauma,  particularly 
those  features  which  relate  to  airway  management  and  fluid 
resuscitation.  Problems  peculiar  to  some  of  the  more  common 
inajor  injuries  will  also  be  outlined. 

INITIAL  EVALUATION  AND  MANAGEMENT 
Airway  and  Gas  Exchange 

On  arrival  in  the  emergency  room,  all  seriously  trauma¬ 
tized  patients  should  receive  oxygen,  since  many  physiological 
sequelae  of  trauma  result  in  arterial  hypoxemia  while  breathing 
air.  The  chest  should  be  auscultated  bilaterally  and,  if  there 
is  any  question  of  a  possible  chest  injury,  radiographs  should 
bo  obUiinod  imiuediately .  Homo  or  pneumothoraces  sliould  be 
relieved  by  placement  of  large  bore  chest  tubes.  Patients  in 
whom  .systomio  blood  [)rf\ssuro  is  unobtainable  ro<]uirc*  immodialoi 
intubation  of  the  trachea  and  ventilation  with  100?.  oxygon  as 
part  of  the  initial  emergency  room  resuscitation  sequence  (rapid 
intravenous  fluid  administration  and,  if  necessary,  thoracotomy 
and  aortic  cross-clamping).  Fixed  dilated  pupils,  in  and  of 
themselves,  arc  not  an  accurate  indication  of  irreversible  CNS 
damage  and  do  not  contraindicate  aggressive  management  at  this 
time'*'*’’.  If  an  esophageal  obturator  has  been  previously  inserted,  it  | 
should  not  bo  removed  until  the  airway  is  protected  with  an  endo-  j 

tracheal  tube,  because  of  the  likelihood  of  regurgitation  of  gastric  j 
contents  and  the  possibility  of  subsequent  aspiration.  Patients  •  | 

I 

1 

who  arc  markedly  hypulensive  despite  rapid  intravenous  infusion  j 


also  require  early  intubation  to  support  gas  exchange  and  protect 
the  airway,  since  cerebral  ischemia  commonly  causes  muscular  flac¬ 
cid:,  ty  and  regurgitation  of  gastric  contents.  The  decision  as  to 
when  to  intubate  a  hypotensive  awake  patient  in  the  emergency  room 
is  difficut;  these  patients  are  usually  candidates  for  immediate 
surgery  because  of  continuing  gross  hemorrhage.  If  anesthesia  is 
necessary  for  intubation  of  the  trachea,  we  use  a  ketamine-suc- 
cinylcholine  sequence  described  later  in  this  chapter. 

Facial  fractures  and  upper  airway  injuries.  Airway  assess¬ 
ment  is  the  main  early  requirement  in  this  group  of  patients. 
Massive  facial  injuries  may  result  in  nasal  obstruction,  orophar¬ 
yngeal  edema,  and  hematoma ta  of  such  magnitude  that  inunodiate 
tracheotomy  or  cricothyroidotomy  is  necessary  i.n  the  emergency 
room.  In  all  other  cases  the  rate  of  progress  of  any  swelling 
in  the  upper  airway  must  bo  evaluated.  The  principle  is  to 
ensure  the  maintenance  of  a  patent  airway  and  to  avoid  limitation 
of  available  techniques  by  "sudden"  airway  obstruction.  In 
patients  with  major  fraeturos  of  the  mandiblc'  and  maxilla 
(LoForte  TIT),  but  in  whom  massive  edema  has  yet  to  occur,  oral 
intubation  is  preferred  and  is  usually  easily  accomplished, 
should  this  be  required.  In  the  most  obtunded,  the  trachea 
may  be  intubated  without  anesthesia.  If  this  situation  is  mis¬ 
judged,  vomiting  may  occur  and  strong  suction  must  bo  immediately 
available.  Blind  nasal  intubation  may  be  hazardous  because  of 
potential  false  passages  into  nasal  sinuses  and  the  cranial 
vault,  and  the  possibility  of  dislodging  loose  bone  and  tissue. 

It  is  unusual  for  an  alert  cooperative  patient  with  facial 
injuries  to  require  intubation  in  the  emergency  department. 
However,  if  this  is  necessary,  the  alternatives  for  direct 
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laryngoscopy  and  intubation  are  a)  topical  anesthesia.,  spraying 
anesthetic  and  advancing  the  laryngoscope  in  a  series  of  stages, 
or  b)  general  anesthesia  with  preoxygenation,,  cricoid  pressure, 
thiopental  or  ketamine  and  succinylcholine .  Fractures  of  the 
mandible  alone  usually  do  not  cause  airway  difficulties,  when 
the  larynx  is  normal  (see  below) . 


Injuries  of  the  larynx  may  cause  rapid  respiratory 
obstruction  and  require  immediate  tracheotomy.  In  less  urgent 
situations,  and  when  assessing  the  possibility  of  such  an 
injury,  a  history  of  trauma  to  the  head  and  neck,  stridor, 
hoarseness,  and  crepitus  in  the  nock  are  all  suggestive.  The 
most  frequent  cause  of  a  fractured  larynx  is  direct  force  from 
a  deceleration  injury.  A  fracture  in  the  region  of  C6  or  C7 
is  a  common  association.  Three  useful  evaluative  tests  for 
laryngeal  fracture  are  a)  asking  the  patient  to  make  a  high- 
pitched  "El"  sound  which  requires  mobile  cricoarytenoid  joints, 
normal  tense  cords  and  functioning  intrinsic  laryngeal  neuro¬ 
muscular  mechanisms;  b)  indirect  laryngoscopy;  c)  radio¬ 
graphy  of  the  Larynx,  especially  CAT  scan.  If  uncertainty 
exists,  fiberoptic  laryngoscopy  may  bo  performed  under  topical 
anedtliesia.  If  this  typo  of  injury  is  suspected,  all  possible 
information  should  bo  accumulated  prior  to  induction  of  general 
anesthesia,  since  laryngeal  obstruction  may  occur  during 
attempted  tracheal  intubation.  The  latter  may  cause  mucosal 
stripping,  bleeding,  or  displacement  of  fractured  cartilage 
into  the  airway  lumen. 

When  a  fractured  larynx  rs  present,  laryngofissuro  and 
repair  of  mucosal  lacerations  and  cartilage  fractures  arc 
frequently  carried  out.  Classically,  a  tracheotomy  under 
local  anesthesia  is  performed  first.  Alternatively,  there  are 
recent  reports  of  successful  tracheal  intubation  through  the 
glottis^''  .  This  should  be  attempted  only  in  the  presence  of 
the  most  benign  preoporative  findings  and  when  laryngeal 
visualization  is  excollont.  If  a  tracheotomy  is 
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necessary  in  an  uncooperative  child,  it  may  be  ^complished 
following  a  small  dose  of  ketamine  as  a  supplement  to  local 
anesthesia. 

IN  ALL  CASES  OF  POSSIiELE  AIRWAY  COMPROMISE/  WHEN  IT  IS 
UNCERTAIN  WHETHER  THE  PROPOSED  ANESTHESIA  MANUEVERS  WILL  BE 
SUCCESSFUL  i.e.  AIRWAY  OBSTRUCTION  COULD  OCCUR,  THE  PROCEDURES 
SHOULD  BE  CARPvLED  OUT  IN  AN  OPERATING  ROOM  WITH  EQUIPMENT  AND 
PERSONNEL  READY  FOR  IMMEDIATE  TRACHEOTOMY. 
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Head  injuries.  A  high  percentage  of  unconscious  patients 
with  recent  head  injuries  require  intubation  for  one  or' more  of 
three  indications:  1)  to  overcome  airway  obstruction,  2) 
to  prevent  aspiration  of  secretions  and  3)  to  ensure  hyper- 
ventilafciGn  to  minimize  in-tracranla-l  pressure.  If  it  is  decided 
not  tc  intubate  a  patient  who  has  a  fresh  head  injury,  ho  must 
bo  observed  closely?  personnel  able  to  intubate  him  must  be 
readily  available.  Sudden  rapid  deterioration  occurs  quite 
cuimnonly  within  the  first  few  hours  and  therefore  a  single 
ovaluafion  is  not  suf  ficimit .  When  possible,  oc'rvieal  films  are 
obtained  prior  to  intubation  although,  in  our  oxporionce,  nock 
fractures  arc  quite  rare  in  patients  who  require  intubation  for 
head  injury.  If  an  unstable  nock  Ls  suspected,  a  cervical 
collar  is  placed  and  oral  intubation  may  be  attempted  using  a 
"hockey-s t i.ek "  IjcikI  created  vU  llio  Lip  of  the  endotraciieul  lube 
by  moans  of  a  .stylet.  If  oral  intubation  appears  technically 
straight  forward,  we  do  not  hesitate  to  use  muscle  relaxants 
with  application  of  cricoid  pressure,  following  a  perio'.  of 
preoxygenation.  The  surgeon  should  hold  the  head  during  this 
intubation  and  warn  of  any  impending  excessive  extension.  The 
alternatives  are  blind  nasal  intubation,  which  may  bo  easy  in 


the  hypferventiiatihg  patient  or,  if  time  permits,*  intnhation 
over  a  fiberoptic  bronchoscope.  If  ail  else  fails,  tracheatoroy 
may  be  necessary,  ,  . 
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Barbiturates;,  other  hypnotics  or  muscle  relax'ants  may  be 
required  to  control  restlessness,  either  to  permit  CAT  scanning 
or  angiography  or  to  prevent  an  increase  in  intracranial  pressure 
due  to  straining  secondary  to  the  irritation  of  an  endotracheal 
tube.  The  ability  to  conduct  neurological  assessment  is  thereby 
lessened  but  this  should  not  be  of  concern.  Either  a  surgical 
decompression  is  indicated  by  the  radiological  findings  or,  if 
not,  an  intracranial  pressure  line  may  be  insortov!  to  permit 
accurate  ongoing  evaluation,. 

Fluid  Resusci tvition 

In  any  patient  in  whom  a  major  injury  is  suspected,  at 
least  two  large  brre  intravenous  cannulae  should  be  inserted, 
one  of  which  should  bo  locsili'd  ceuLiuliy  (ijuporioi  vcjiu  cuva  oi 
right  atrium).  One  should  not  depend  upon  lower  extremity  linos 
for  infusion  in  those  patients  where  disruption  of  iliac  veins 
or  inferior  vena  cava  is  a  possibility  (pelvic,  abdominal  or 
chest  trauma).  A  catheter  should  be  placed  in  the  bladder  in  all 
patients.  Those  v;ho  have  decreased  skin  perfusion  with  resultant 
pallor  and  coolness,  narrow  pulse  pressure,  tachycardia,  and 
orthostatic  hypotension,  are  likely  to  have  lost  in  excess  of 
20-25%  of  their  blood  volume.  Cardiac  output  will  have  decreased 
in  approximate  proportion  to  blood  loss.  Deterioration  of  mental 
status  indicates  more  severe  loss  of  blood  volume,  usually  in 
excess  of  40%.  Fluid  resuscitation  should  bo  started;  it  is 
useful  to  sequentially  number  each  now  bag  of  fluid.  Blood  volume 
should  be  restored  to  at  least  a  level  at  which  a  CVP  of  several 


nunHg  is  obtained.  If  crystalloid  is  used  for  tfris  purpose,  3  or 
more  liters  may  bo  required  if  the  above  signs  are  present.  If  a 
pneumatic  suit  ("G"  or  "MAST”  suit)  has  been  inflated  around  the 
victim's  abdomen  and  lower  limbs,  a  variable  but  potentially 
large  amount  of  intravascular  volum  may  havi-*  )>non  shifted  central ly ^ ^ \ 
The  measured  CVP  will  then  not  be  an  accurate  reflection  of  total 
intravascular  volume.  The  suit  should  deflatcid  one  compart¬ 
ment  at  a  time,  with  careful  observation  of  hemodynamic  status, 
when  volume  replacement  has  started  and  immediate  surgery  can  bo 
performed  if  necessary. 

Premodication  Agents 

These  should  not  be  used  routinely.  Extreme  caution  is 
necessary  in  hypovolemic  patients,  and  agents  without  effective 
antidotes  should  bo  avoided.  Although  narcotics  are  effective 
in  relieving  pain  and  anxiety,  thv^y  dilate  peripheral  blood 
vessels  ciiid  m.iy  pioduee  lurther  hypotension  with  resultant  cerebral 
ischemia  adding  to  the  sedative  effect  of  the  narcotic,  causing 
rogurgii  lacion  of  gastric  contents  and  aspiration.  Cimotidino, 

300  mgin  intramuscularly,  is  sometimes  advocated  as  a  means  of 
decreasing  gastric  acidity  in  emergency  surgery  patients.  This 
is  not  universal  practice  and  we  do  not  do  this  routinely. 

QPEld'rriNG  ROOM  MANAGEMENT 
Preparation  of  Equipment 

To  providi-  anestlietic  caro  for  major  trauma  at  a  moment's 
notice  a  completely  ready  operating  room  should  bo  avaii<)ble  at 
all  times.  The  anesthesiologist  should  have  the  following 
recently  checkod-out  equipment  in  place:  1)  anosthf^sia  machine; 

2)  v-jlume  controlled  ventilator,  \^/iLh  appropriate  values  preset; 


3)*  suction;  4)  laryngoscope  with  spare  blades,  and  endotracheal 
tubes  with  stylets;  5)  appropri-ate  dnugs  (pancuronium,  succinyl- 
choHne,  ketamine)  drawn  into  labelled  syringes;  6)  two  intra¬ 
venous  infusion  sets  with  pumps  and  blood  warmers,  prefilled 
wth  crystalloid  solution;,  7)  material  required  for  arterial  lino 
placement;  8)  warming  blanket  and/or  a  device  to  provide  heated 
humidified  inspired  gases;  9)  de-fibrillator  with  internal 
and  external  paddles;  10)  calibrated  equipment  to  monitor:  -a) 
electrocardiograph,  b)  arterial  blood  pressure,  c)  central 
venous  pressure,  d)  neuromuscular  blockade,  e)  temperature. 

Choice  of  Anesthetic  (Regional  or  General) 

In  choosing  between  regional  and  general  anesthesia,  we 
prefer  the  latter  for  the  more  major  injuries,  particularly 
in  the  presence  of  an  unstable  cardiovascular  status  or  injuries 
of  the  abdomen  or  thorax.  Spinal  anesthesia  does  hot  permit 
control  of  vontiiatlon  and  the  resultant  sympathetic  block  prevents 
an  important  homeostatic  response  to  hypovolemia.  In  patients  with 
abdominal  injuries,  the  extent  of  the  necessary  ox[)loration  and 
procedures  is  usually  uncertain  preoperativoly ,  therefore  precluding 
limited  block  levels.  On  the  otlier  hand,  infiltration  anesthesia 
or  regional  blocks  can  be  extremely  useful  for  the  management  of 
the  more  minor  peripheral  injuries,  provided  attention  is  paid  to 
the  maximum  sale  dose  of  Llie  agent  selected  relative  to  the 
patient's  body  size  and  physi:al  status. 

Induction  and  Maintenance  of  General  Anesthesia 

During  induction  oi  anesthesia,  aspiration  of  gastric  contents 
into  the  lungs  may  follow  passive  rc*gurgi tation  or  active  vomiting. 
The  latter  may  be  avoided  by  using  a  rapid  intravenous  induction 
sequence.  When  diaphragmatic  relaxation  occurs  secondary  to 
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cerebral  ischemia,  heavy  sedation  or  anesthesia- ,}tpass'>ive  regurgi¬ 
tation  may  occur,  due  to  the  pressure  difference,  between  abdomen 
and  thorax.  Several  hours  delay  in  scheduling  surgery  may  decrease 
the  probability  of  food  remaining  in  the  stomach,  but  this  is 
never  totally  reliable  and  may  be  contraindicated  by  the  urgency 
of  the  injury.  A  low  gastric  acidity  and/or  an  empty  stomach 
cannot  be  assumed  for  extended  periods  following  trauma.  Therefore, 
the  following  steps  should  be  taken :  1 )  in  all  cases  of  intes¬ 

tinal  obstruction,  ileus,  or  gastroduodenal  perforation' or  bleeding, 
a  nasogastric  sump  tube  should  be  placed  and  the  stomach  aspirated 
iimnediately  prior  to  induction  (although  this  docs  not  ensure 
an  empty  stomach);  2)  the  probable  ease  of  laryngoscopy  and 
oral  intubation  should  bo  assessed;  3)  with  powerful  suction 
available,  anesthesia  should  bo  induced  using  a  small  dose  of 
non-depolarizinq  muscle  relaxant  (this  may  minimize  an  incKeaso 
of  iiitragastrio  pressure  when  succinylchol  i  ne  is  sulisecpK'nl  1  y 
administered*’  ),  preoxyvjcnation  for  at  leant  3  minutes  of  fpiiet 
breathing  or  4  or  5  maximum  inspirations,  then  antero^posterior 
pressure  applied  over  the  cricoid  cartilage  (compressing  the 
upper  esophagus*'*),  and  a  rapidly  acting  intravenous  hypnotic 
and  muscle  relaxant  (usually  succinylcholino )  administered  intra¬ 
venously.  Laryngoscopy,  tracheal  intubation,  cuff  inflation  and 
tube  location  checks  are  carried  out  before  removing  cricoid 
pressure,  if  laryngoscopy  and  intubation  are  expected  to  be 
difficult,  other  options,  in  order  of  preference ,  are  intubation 
(nasally  or  orally)  under  topical  anesthesia  -  if  necessary  v/ith 
a  fiberoptic  bronchoscope,  or  a  tracheotomy  under  local  anes¬ 


thesia.  In  many  acute  injuries 


of  the  jaw  and 


neck,  in  v/hich  the  state  of  the  pharynx  is  in  doubt,  we  prefer 


oi?ci-l  irrtubatiGn  under  vision  as  a  first  step.  Then,  if  nasal 
intubation  is  required,  a  nasal  tube  may  be  advanced  under  direct 
vision  with  the  larynx  in  full  view  and  the  airway  protected. 

This  permits  full  evaluation  of  the  injury  prior  to  nasal  intu¬ 
bation  . 

Whenever  possible,  hypovolemia  should  bo  corrected  prior  to 
transport  to  the  operating  roori  and  induction  of  anesthesia. 

If  correction  is  not  possible  because  of  the  nature  and  extent 
of  the  injuries  (i.e.  the  rate  of  hemorrhage  exceeds  the  ability 
to  restore  intravascular  volume)  it  may  be  necessary  to  induce 
"anesthesia"  in  the  hypovolemic  patient.  If  the  patient  is 
unconscious  or  severely  obtunded,  intubation  of  the  trachea 
should  be  accomplished  without  drugs  or  with  neuromuscular 
blocking  agents  alone.  If  the  patient  is  conscious  despite 
being  uncorrcctably  hypovolemic,  other  techniques  are  required. 
l''oL  many  years  it  was  common  practice  to  use  an  ulLra-rapidly 
acting  thiobarbitiirate  (o.g.  thiopental)  for  inducing  anesthesia 
in  this  circumstance,  frequently  resuixing  in  acute  decompensa¬ 
tion  (including  death)  in  an  already  severely  hypotensive 
patient'*  •  ‘  These  clinical  observations  may  bo  atUribut"od  to 
the  myocardial  depression  and  decreased  peripheral  venous  tone 
caused  by  those  agents"'*  Ketamine  is  a  rapidly  acting  intravenous 

agent  that,  in  normovolemic,  healthy  patients  and  laboratory 
animals,  results  in  increased  heart  rate,  systemic  vascular 
resistance,  blood  pressure,  and  cardiac  output'®  •®*‘.  These  are 
indirect  effects  caused  by  increased  central  sympathetic  outflow 
and  barorocoptor  blockade  and  decreased  vagal  tone'*'  Very 

small  doses  of  ketamine  (0.35  -  0.7  mg/kg  IV)  are  useful 
for  inducing  "anesthesia"  in  hypovolemic,  hypotensive  conscious 


* 


patients.  If  a  dose  greater  than  that  dictated  fey  the  clinical 
situation  is  used,  the  indirect  stimulatory  responses  are  not 
elicited,  and  ketamine's  direct  action  of  myocardial  depression*  ' 
may  result  in  cardiovascular  decompensation.  Once  intubated,  the 
patient  should  bo  mechanically  ventilated  to  free  the  anesthesiol¬ 
ogist's  hands.  Evidence  is  lacking  that  either  respiratory 
acidosis  or  alkalosis  is  beneficial  during  massive  hypovolemia. 

We  therefore  attempt  to  maintain  normocarbia,  which  has  the 
added  advantage  of  not  confusing  interpretation  of  acid'^base 
status. 

Following  induction,  only  oxygen  and  nouromusculcvr  blocking 
agents  are  administered  until  the  hemodynamic  situation  is 
stabilised  and  systemic  blood  pressure  rises  to  a  mean  of  at 
least  50  torr.  At  that  point  cerebral  perfusion  should  bo 
adequate  and  it  is  then  appropriate  to  consider  the  administra¬ 
tion  of  other  agc'nts.  The  goal  is  to  provide'  ana  1  (jes i <i  f)r 
amnesia  with  minimal  cardiovascular  disturbance.  Since  the 
clinical  situation  is  still  in  groat  flux  and  conditions  may 
deteriorate,  in  principle,  agents  which  are  easily  removed  or 
whoso  actions  are  readily  terminated  should  be  used.  Cyclo¬ 
propane  and  other  arc  contraindicated  because  of  the  risk  of 
explosion  in  a  setting  of  multiplicity  of  personnel  and  elec¬ 
trical  equipment.  Furthermore  cyclopropane 

decreases  survival  time  in  shocked  dogs'- b  Ilalothano, 
enflurane  or  isoflurane  may  be  cautiously  added  in  very  small 
concentrations  (e.g.  halothane  0.1%)  to  the  background  of  lOOV. 
oxygen,  and  its  cardiovascular  effects  observed.  All  the  inha¬ 
lation  agents  c^re  direct  rt^'ocardial  depressants® and  nay  result 
in  significantly  decreased  myocardial  performance  and  hypot(;nsion , 


if  added  too  rapidly  or  in  too  great  a  concentration.  Recent 
data  suggests  that  isoflutane  and  halothane  may  be  superior  in 
these  circumstances  when  compared  with  enfiurane®^  .  The  anes¬ 
thetist  must  pay  extremely  close  attention  to  the  variable 
clinical  situation  and  be  prepared  to  cease  administration  of 
all  inhalation  agents  should  hypotension  ensue.  Although  . 
nitrous  oxide  is  a  superior  analgesic,  it  is  frequently  depres¬ 
sant  in  the  hypotensive  hypovolemic  patient.  Since  it  must  be 
used  in  relatively  high  concentrations,  this  ad.ds  to  the  potential 
for  hypoxia  because  of  decreased  inspired  oxygen  concentration. 
Furthermore,  nitrous  oxide  will  increase  the  volume  of  any 
previously  unrelieved  pneumothorax  and  will  increase  bowel 
distention.  Although  narcotics  have  been  used  in  such  circum¬ 
stances,  two  objections  may  be  raised.  Once  given,  they  cannot 
be  removed  as  can  the  inhalation  agents.  Second,  the  use  of 
naloxone  to  reverse  narcotic  action  may  bo  only  partially 
successful  because  of  hypoperfusion  at  the  sito(s)  of  action  and 
because  of  sb.ortor  duration  of  action  of  the  antagonist  than 
the  agonist.  Recent  evidence  that  administration  of  naloxone 
is  of  benefit  in  non~narcotized  shocked  animals  suggests  that 
endorphins  and,  thus,  perhaps  narcotics  are  detrimental  in  such 
circumstances'®  .  We  have  not  observed  awareness  of  pain  in  any 
patient  questioned  postoporatively  following  this  conservative 
approach  to  the  use  of  CNS  depressants. 

In  selecting  a  muscle  relaxant  for  continued  use  during 
the  procedure,  d-tubocurarine  is  avoided  because  of  its  pro¬ 
pensity  to  release  histamine,  resulting  in  further  hypotension. 
Pancuronium  is  preferred  to  gallamine  because  of  its  greater 
vagolytic  properties '''■'and  its  lessor  obligatory  dopendance 


on  renal  excretion*’ .  Metacurine  and  NC45  (not  yet  cfinically 
available)  have  the  leas±  cardiovascular  actions  of  non-depolar¬ 
izing  muscle  relaxants''. 
tjetnodynamic  Management 

After  securing  the  airway  and  establishing  ventilation, 
hemodynamics  remain  the  primary  issue.  Because  of  the  rapidity 
and  intensity  of  physiological  response  to  hemorrhage  (-increacGd 
sympathetic  system  activity,  increased  renin-ang-idtension  system 
activity,  increased  vasopressin,  peripheral  cij culator;^' of fects  , 
acidic  metabolites,  direct  hypoxic  effects,  fluid  shifts)  and 
the  multiplicity  of  therapeutic  manuevers  in  the  acute  situation, 
the  hemodynamic  status  of  the  patient  will  change  rapidly. 
Accordingly,  accurate  beat-to^beat  blood  pxejsure  monitoring  is 
an  important  aspect  of  the  acute  management.  For  this  reason 
and  to  allow  repeated,  rapid  sampling  of  arterial  blood  for 
iiK'.t.suroinciii  of  I’O^,  and  pll,  an  indwelling  utLurlal  cannula 

should  bo  placed  as  early  in  the  operating  room  fioquonco  as 
fiMsible,  If  nt'CT'ssary  by  surgical  cut^down,  and  connooh-d  to  a 
pressure  transducer  for  continuous  measurement  of  blood  pressure. 
The  arterial  lino  should  be  placed  in  the  upper  extremity  beccauso 
it  may  be  necessary  to  cross-clamp  the  thoracic  aorta.  A  central 
venous  (superior  vena  cava  or  right  atrial)  cannula  should  bo 
placed,  time  permitting,  while  the  patient  is  in  the  ER,  or 
soon  after  arrival  in  the  OR,  In  the  operating  room,  introduc¬ 
tion  through  an  internal  jugular  vein  is  favored  over  the 
approach  from  an  antecubital  or  subclavian  vein,  both  because 
of  the  ease  and  rapidity  of  insertion  through  the  former  and 
the  accessibility  of  this  route  v/hilo  surgery  proceeds.  To 
permit  continuous  accurate  assessment  of  central  venous  picssure, 


and  for'  rapid  verification  of  position,  the  cannula  should  be 
connected  to  a  pressure  transducer.  The  preponderance  of  major 
trauma  victims  are  young  and  without  heart  disease,  thus  central 
venous  pressure  will  usually  be  an  adequate  reflection  of  left¬ 
sided  filling  pressure^ Placement  of  a  pulmonary  arterial  line 
in  the  early  care  of  the  massively  traumatized  patient  is 
neither  necessary  nor  advisable;  time  is  better  spent  tending 
to  higher  priority  issues.  If  there  is  a  need  for  intra-operative 
left-sided  filling  pressure  (e.g.  failing  post-ischemic  ventricle, 
high  suspicion  of  pre-existing  significaht  myaeordial  disease 
or  direct  ventricular  injury)  a  left  atrial  catheter  may  bo 
inserted  directly  if  thoracotomy  has  been  performed.  Direct 
observation  of  the  degree  of  filling  of  the  heart  is  also  useful 
in  the  evaluation  of  the  patient's  volume  status.  The  early  stages 
of  resuscitation  of  the  massively  blooding  patient  require  con¬ 


tinuous  coiiunuii  i cation  between  the  surcjeoj)S  and  the  anostlietiats , 
as  to  the  nature  and  extent  of  the  injuries  and  the  hemodynamic 
indices.  If  it  is  necessary  to  cross-olump  the  aorta  to  provide 
adequate  blood  flow  to  the  brain  and  heart  in  the  face  of  massive 
hypovolemia,  subsequent  removal  of  the  clamp  may  cause  hypotension 
from  circulating  volume  filling  a  previously  empty,  acidotic 
vascular  tree.  Consequently,  re-perfusion  should  be  established 
gradually  aj^.  licmodynamics  permit,  with  addition  of  volume  or 
base  or  both,  as  required  (see  below). 

Intra-oix?rativo  fluid  resuscitation.  The  anount  of  fluid  volume  to  admin¬ 
ister  is  guided  by  the  systemic  blood  pressure  and  the  cardiac 
filling  pressure.  Fluids  are  administered  as  rapidly  as  pos¬ 
sible  until  the  CVP  is  in  the  normal  range  for  an  anesthetized 
patient  (e.g.  10-12  cmH20) ,  and/or  the  systemic  blood  pressui 


is  in  the  normal  range  (see  below  for  a  discussion  of  hypo¬ 
tension  in  the  face  of  apparently  adequate  volume  replacement) , 
Much  research  and  discussion  has  surrounded  the  issue  of  which 
fluid  to  administer.  The  clinician  may  currently  choose  from 
1)  whole  blood,  2)  packed  cells,  3)  salt  solutions  (cry¬ 
stalloid)  ,  4)  protein  containing  fluids  (colloid)  or  5)  other 
osmotically  active  agents  (e.g.  dextran) .  Vv’liOie  blood  is  the 
fluid  of  choice  despite  some  deficiencies  of  banked  blood 
(see  below) .  Whole  blood  offers  the  advantages  of  the  ability 
to  transport  and  on  and  off-load  oxygen  ^nd  carbon  dioxide., 
contains  most  clotting  factors  in  adequate  supply,  and  is 
a  good  buffer  at  physiological  pH.  The  disadvantages  of  banked 
blood  include  a)  low  storage  temperature  (4®C)  with  high 
thermal  capacity.;  b)  decreased  clotting  factors  V,  VIII, 
and  possibly  XI;  c)  lack  of  functional  platelets  after  24 

hours  of  storage;  d)  low  pit;  e)  liiyh  potassium  concentra¬ 
tion;  f)  decreased  red  cell  survival;  g)  prosonce  of  rod 
coll  mombran('  antigens  requiring  typing  and  cross-matching 
the  patient's  blood  with  the  blood  to  bo  transfused  (although 
the  U.S,  Army  had  highly  favorable  experience  in  Viet  Mam 
using  unmatched  low  anti-A,  anti-B  titer  group  0“^ •  '“and 
the  need  for  cross-match  has  been  questioned  recently'*'); 
h)  presence  of  citrate;  i)  risk  of  transmission  of  hepa¬ 
titis;  and  j)  decreased  red  cell  2,3-DPG  concentration 
resulting  in  high  hemoglobin  affinity  for  oxygen.  Blood 
banks  are  increasingly  fractionating  whole  blood  into  its 
component  parts,  separating  plasma  from  rod  cells.  Const-*- 
quently,  wo  must  often  rely  on  packed  red  cells  ordinarily  spun 
to  a  hematocrit  of  approxijiately  70%.  'Ib  decrease  viscosity  and  thus  ease 


administration,  packed  cells  should  be  reconstituted  to  an 
approximately  normal  hematocrit  prior  to  transfusion.  0.9% 

NaCl  is  the  only  fluid  recommended  by  the  American  Association 
of  Blood  Banks  for  use  for  this  purpose'*'’.  Because  packed  cells 
contain  little  plasma,  some  of  the  advantages  of  whole  blood  are 
diminished.  Oxygen  transport  is  not  affected,  however,  and  CO2 
transport  capability  is  only  somewhat  decreased  as  is  buffering 
capacity  and,  of  course, all  clotting  factors. 

Despite  considerable  laboratory  and  clinical  investigation, 
there  is  no  firm  evidence  that  the  use  of  miefofilters  for  blood 
administration  is  beneficial^®.  The  resistance  of  these  greatly 
inipedos  rapid  blood  administration,  and  we  therefore  do  not 
recommend  their  use  in  this  setting. 

Note  that  when  extremely  rapid  infusion  of  viscous  fluids 
is  required  there  is  a  considerable  diffefehco  in  resistance  tQ 
flow  between  various  types  of  infusion  equipment  and  blood  warmers. 
Stopcocks  offer  high  resistance  and,  therefore,  should  not  bo  used. 

Inevitably,  until  the  trauma  victim's  blood  is  typed,  fluids 
other  than  blood  must  be  administered.  Current  evidence  indicates 
that,  in  this  regard,  colloid  is  of  no  advantage,  over 
crystalloid  ......  and  in  fact,  may  be  detrimental 

Given  the  expense  of  the  former  and  the  availability  and  ease  of  admin¬ 
istration  of  the  latter  there  seems  to  be  little,  if  any,  reason 
to  administer  colloid  in  the  acute  resuscitative  period.  Resusci- 
tative  fluids  undergoing  research  and  development  include  fluoro¬ 
carbons  and  stromal  free  hemoglobin  cither  in  solution  or  encased 
in  layers  of  lipid.  Oxygen  content  of  fluorocarbons  is  proportional 
to  tiie  partial  pressure  of  oxygon  in  the  fluid,  reaching 
acceptable  oxygen  content  only  at  very  high  PO2.  Furthermore, 
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fluorocarbons  arc  extremely  expensive,  with  extMbr<^inarily  long 
half-lives.  Recently  it  has  been  possible  to  prepare  hemoglobin 
with  very  little,  if  any,  stromal  elements,  thus,  eliminating 

renal  toxicity**^’  ,  and  offering  the  advantage  of  high  oxygen  . . 

content  at  normal  PO2.  Furthermore,  hemoglobin  so  prepared  can 
be  stored  in  its  crystalline  fcrm  at  room  temperature  for  pro^ 
longed  periods  of  time.  Since  ho  red  cell  meribranes  aad 
antigens  are  present,  standard  blood  typing  is  unnecessary. 

Current  research  is  focused  on  solving  the  problems  6t  short 
intravascular  half-life  (2-4  hours)  as  a  result  of  renal  excre¬ 
tion,  and  low  P^q  (approximately  14  torr)  of  this  solution  of 
hemoglobin  monomers.  Nevertheless  stromal  free  hemoglobin  has 
been  shown  to  be  superior  to  albumin  in  supporting  myocardial 
function Should  the  half-life  and  low  Pjjq  problems  be  re.solved, 
stromal  free  hemoglobin  may  find  its  place  in  the  oafliost  phases 


of  rosusri  f.it  ion  of  tho  massivoly  blooding  pal  i(>nt  . 

Porslstant  liypotonsion  despite  apparently  adequate  fluid 
adrni-n-i,ptrat  j  QP .  This  situation  is  observed  a-t  some  stage  in  the 
operating  room  management  of  many  patients  who  have  sustained 
extremely  major  injuries.  The  first  checks  should  bo  of  the 
accuracy  of  the  monitoring  system. 


Transducers  and  monometors  must  be  appropriately  positioned 
and  it  is  useful  to  have  placed  a  blood  pressure  cuff  on  tho  limb 
which  has  boon  cannulatod  for  the  arterial  pressure.  Tho  occlu¬ 
sion  pressure  can  then  be  used  as  a  cross-check.  Possible  causes 
of  the  continuing  hypotension  must  then  be  reviewed.  These 
include  undetected  hemorrhage  (e.g.  unexplored  body  cavities, 
fractured  limbs,  lacerated  scalp,  full  thoracostomy  containers 


concealed  by  drapes);  hemo  or  pneumothorax  or  pericardial 
tamponade;  acidosis;  hypothermia;  ventilation  or  anesthesia 
administration  error;  hypobalcemia  may  be  present  in  extreme 
cases  of  hypoperfusion,  hypothermia  and  massive  transfusion i-- . - 

If  correction  of  acidosis  (see  below)  is  ineffective  in 
restoring  systemic  pres, sure,  we  empirically  administer  calcium 
chloride  1  gm  intravenously  since  ionized  calcium  measurements 
are  not  readily  available.  Calcium  and  other  pressors  have 
diminished  effectiveness  during  acidosis. 

Myocardial  failure  in  a  previously  healthy  young  trauma 
victim  is  hot  common  without  direct  myocardial  injury  or  pro¬ 
longed  myocardial  hypoxia.  However,  if  all  other  possible 
causes  have  boon  excluded  or  treated,  additional  fluids  may  be- 
administered  until  the  CVP  is  20-25  torr.  If  arteriai  pressure 
does  not  respond,  pressor  agents  (dopamine  or  dobutamino 
■)-12  II  fv,  initially)  may  bo  infused.  An  unusual 

cause  of  myoearciial  failure  following  porforati  ntj  chest 
injuries  is  coronary  air  embolism^ ^  which  may  bo  diagnosed  by 
direct  observation  of  the  coronary  arteries.  'I'ho  question  of 
the  oxi  stance  of  a  "myocardial  depressant  factor  (M[)F)",  in 
shock  is  controversial' ^  In  addition  to  honorrhago  ia2talx)iic 
acidosis  and  hy|AU.honuia  are  tlio  two  most  coniion  sc'condnry  agciravating 
factors  in  the  riossivoly  blooding  trauma  patient. 

Acid-Base  Dal ance 

Poor  tissue  perfusion  results  in  lactic  acid  accumulation 
from  decreased  availability  of  oxygen  at  the  end  of 
the  electron  transport  chain,  and  decreased  hepatic  uptake  of 
lactate  during  severe  reductions  of  hepatic  blood  flov;  or  during 
severe  hypoxia ^  ^  It  is  not  clinically  convenient  to  measure 
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lactic  acid.  However,  its  appearance  in  the  bldfid’  wifll  result 
in  a  nearly  linear  increase  in  base  deiicit.  Base 
deficit  may  be  rapidly  computed  from  measured  arterial  PCO2  and 
pj|52. 53.  S5^  Arterial  blood  gases  and  pH  sho,uld  be  measured  as  soon 
as  possible.  The  primary  treatment  of  acidosis  secondary  to 
hypovolemia  is  obviously  volume  replacement.  If  volume  is 
restored  and  perfusion  pressure  is  satisfactory,  the  acidosis 
will  be.  Gorrectad  .as.  the  liver  takes  up  lactate  and  the  tissues 
cease  lactate  production.  Thus,  treatment  of  acidosis ‘per  se 
will  not  be  required.  However,  If  hypotension  persists,  this 
may  be  partially  due  to  acidosis.  Ideally,  the  magnitude  of  this 
acidosis  should  be  measured.  However,  if  data  is  hot  yet 
Q-V-Qaldblo ,  it  is  safe  to  aclministor  NnllCO^  as  a  therapeutic  test. 
It  is  unusual  to  observe  clinically  important  cardiovascular 
effects  of  luotabolic  acidosis  at  base  deficits  loss  than  10  mEq/L 
and,  in  thin  .ncMiinq,  ariclonin  of  conn. i df»rabl y  (jrr'ator  nin(;nitttdo 
is  common.  Whole  body  base  deficit  is  usually  calculated  from 
the  for.mnla  BF  (mpq/T.)  v  body  weight  (kg).  Thus,,  .200  or 
more  mEq  of  NaliCO^  may  be  required.  Since  the  cardiovascular 
status  is  usually  unstable  when  NallCO^  administraton  is  indicated, 
a  calculated  dose  will  not  provide  exact  correction.  Ropoatod 
evaluation  is  necessary.  Based  on  recent  ovidonco  that,  over  a 
wide  temperature  range,  vertebrate  plasma  pH  is  closely  related 
to  the  pH  of  water  and  ionization  of  imidazole'' 
should  be  moasurod  at  37 °C  and  not  corrected  to  the  patient's 
temperature.  In  any  event,  over  the  clinical  range,  computation 
of  base  excess  is  very  nearly  independent  of  temperature. 

It  is  not  clear  whether  measured  PO2  should  be  corrected  to 
tie  patient's  temperature  or  reported  at  37 °C.  However 


teihperafiture  correction  is  necessary  for  computation  of  alveolar- 
arterial  pxygeh  tension  difference  (AaD02) ,  Furtlierfflore ,  in  the 
hypothermic  patient,  if  temperature  correction  remits-  in 
error  it  is  on-  the  side  of  patient  safety.  ' 

Hypothermia 

Poor  perfusion.,  opening  of  major  body  cavities,  and  admin¬ 
istration  of  fluids  of  temperature  less  than  body  temperature, 
inevitably  result  in  hypothermia.  Hypothermia  presents  multiple 
dangers.  Myocardial  function  decreases  with  temperature.  In  thd 
ciinical  setting  of  decreased  myocardial  pre-load  and  prolonged 
poor  myocardial  perfusion,  myocardial  hypothermia  is  poorly 
tolerated.  As  myocardial  temperature  falls  to  approximately  ,30*C 
arrhythmias  become  common,  with  refractory  ventricular-i-ibrilla-i-. 
tion  occurring  witliin  a  further  decrease  of  1-3  centigrade 
degrees.  Hypothermia  adds  to  the  coagulation  defects  (sec 
holow)  by  causing  sociuostrati on  of  plntolotn''''' .  Thin 

phenomenon  is  rovorsiblc  with  rewarming.  Additional  problems 
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ition  of  drug  action  and  haif-iife, 


and  confusion  of  interpretation  of  blood  gas,  pH  and  acid-base 


data . 


Temperature  should  bo  measured  continuously  by  a  thermistor 
or  thermocouple  placed  in  the  esophagus,  just  behind  the  heart, 
or  by  use  of  the  thermistor  of  a  thex-modiJ  ution  pulmonary  artery 
catheter,  if  one  has  been  inserted.  Those  sites  are  preferred 
because  blood  and  myocardial  temperature  are  of  prime  concern, 
and  as  blood  and  myocardial  temperature  change,  tc*mperature  will 
change  more  slowly  at  other  sites  (e.g.  rectum)''”  . 

In  the  massively  bleeding  trauma  patient  it  is  possible  to 
prevent  severe  hypothermia,  although  not  possible  to  maintain 


normothermic  conditions.  All  intravenous  fluids  should  be 
warmed  during  administration.  Commercial] y  available  devices 
can  effectively  warm  blood  while  producing  minima]  resistance, 
thus  allowing  for  high  flow  rates '*®. .  A  plugged-in  connected 
warming  blanket  should  always  be  in  place  on  the  operating 
table,  The  device  should  be  set  and  switched  on  at  40 “C  at 
first  notice  of  a  patient's  likely  transport  to  the  operating 
room,  since  these  devices  require  10  to  20  minutes  to  reach 
operating  temperature.  These  blankets,  although  useful,  are 
of  less  than  optimal  value  because  of  poor  peripheral  circulation 
during  massive  hypovolemia.  Accordingly,  heated  inspired 
humidity  may  be  of  value  in  preventing  serious  hypothermia 
since  nearly  all  the  right  heart  output  will  bo  exposed  as  a 
thin  layer  to  the  inspired  hoat  in  the  pulmonary  circulation. 

If  the  above  measures  fa-‘l,  warm  crystalloid  solution  should  be.- 
placed  in  tlic  chosL  oi  abdominal  cavities. 

Coagulation 

A  bleeding  diathesis  following  massive  blood  loss  and 
replacement  is  not  uncommon.  Causes  are  1)  lesions  of  banked 
blood;  2)  hypothermia;  3)  consumption  coaqulopathy ;  4) 

platelet  dysfunction.  Coagulation  factors  V,  VIII  and  possibly 
X3  have  storage  half-lives  of  approximately  one  week.  Fortunately, 
only  5  to  30%  of  the  normally  present  quantities  of  those  factors 
are  necessary  for  surgical  hemostatis.  Furthermore,  the  liver 
can  rapidly  produce  large  quantities  of  factor  VIII,  once 
circulation  has  been  restored'^'*.  Platelet  function  is  severely 
impaired  within  minutes  of  storage  at  4°C,  with  survival  limited 
to  less  than  4  8  hours^‘  •  Many  blood  banks  remove  platelets  from 
blood  after  its  collection.  Thus,  nearly  all  blood  transfused 


is^  free  of  functional  platelets,  creating  a  dilufeiOij.ailvt^rrQm-* 
bocytopenia’ .  Furthermore,  hypothermia  Causes  plafeleb  seques¬ 
tration®®.  Fresh  frozen  plasma  cphtaiw-all  coaguiatipn  f^actol^ 
except  platelets.  The  role  of  fresh  frozen  plasma'^r  fresh  '  ^ 
(less  than  24  hours  old)  whole  blood  is  contrdvjersiafil^t'^-*^'®»^^^S^^^ 

The  coagulopathy  Of  massive  transfusion  oceurS  cqpnonly 
when  between  one  and  two  times  the  estimated,  blood  volume  has 
been  administered.  Ten  units  of  platelets  should  be  administered, 
if  further  significant  transfusion  is  anticipated  and/or  general¬ 
ized  bleeding  is  apparent.  Most  hospital  blood  banks  do  not  stock 
platelets,  thus  they  may  need  to  be  ordered  well  in  advance. 
Additional  units  of  platelets  will  be  required  if  hemorrhage  is 
not  controlled.  Although  this  is  controversial,  we  also  administer 
two  units  of  fresh  frozen  plasma  after  ten  units  of  blood  or 
packed  colls  and  one  additional  unit  for  each  further  5  units  of 
transfuses]  Irlood. 

Development  of  a  consumptive  coagulopathy  (possibly  resulting 
from  release  of  tissue  thromboplastin)  will  furthu-r  deplete  the 
diluted  platelets  and  already  decreased  clotting  factors. 

The  most  convenient  method  for  determining  the  etiology  of  a 
bleeding  disorder,  in  the  major  trauma  victim,  is  to  observe  the 
coagulation  time.  If,  in  a  glass  tube,  a  good  clot  does  not  form, 
or  does  so  only  after  a  prolonged  period  of  time,  decreased 
clotting  factors  are  implicated.  If  the  clot  forms  but  does  not 
retract,  thrombocytopenia  is  the  likely  cause.  If  the  clot  lyses, 
fibrinolysis  is  likely. 

Calcium  is  coraplexed  by  citrate  in  banked  blood,  but  its 
clinical  importance  as  a  cause  of  the  bleeding  diathesis of 
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massive  transfusion  and  of  decreased  myocardial  function'**'®*^* 
is  controversial.  We  do  not  administer  calcium  routinely  as 
prophylaxis  against  coagulation  defects. 

SPECIAI.  TRAUMA  PROBLEMS 

Thoracic  Injuries  "  . 

Three  problems  may  require  special  actions  by  the  anesthesi¬ 
ologist. 

Pulmonary  injuries.  Systemic  air  embolism  due  to^pressure 
in  the  alveoli  exceeding  pressures  in  adjoining  perforated  pulmonary 
vessels  is  not  uncommon**^.  Occasionally,  massive  bronchial  air 
leak  may  prevent  effective  mechanical  ventilation.  Placement  of 
a  double-lumen  endotracheal  tube  provides  maximal  control  of  this 
problem,  and  prevents  hemorrhage  into  the  dependent  lung  during 
lateral  thoracotomy.  If  this  technique  is  not  possible,  a  long 
('iiiioi  r.n'lxM  1  (,’a[)ablo  of  being  advanced  into  a  main  bronchus 

should  be  used,  rnhalod  agents  slioultl  include  only  oxygen  and 
anesthetic  vapor  until  measurements  of  pulmonary  oxygen  exchange 
are  obtained. 

Aortic  injuries.  Prolonged  supra-ronal  clamping  of  tho 
aorta  may  cause  renal  and  spinal  cord  ischemia.  The  higher  the 
clamp,  tho  greater  tho  likelihood  of  resultant  left  ventricular 
failure  from  tho  groat  increase  in  afterload.  If  control  below 
the  aortic  injury  is  feasible,  a  shunt  may  be  placed  during  the 
period  of  clamp-off.  Restoration  of  volume  will  then  prevent 
tho  above  problems.  However,  if  distal  control  is  not  feasible 
and  a  shunt  is  not  placed,  an  agent  such  as  sodium  nitroprusside 
may  bo  required  to  permit  volume  loading  while  the  aortic  clamp 

is  in  place.  Arterial  pressure  monitoring  should  be  from  the 
rinhh  arm  if  the  iniurv  nutv  be  nf  t-hP  f  !' 1  - 
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'  permits,  left  ventricular  filling  pressure  should  be  monitored. 

* 

»  Cardiac  injuries  and  tamponade.  Rapid  surgical  correction 
is  essential.  "Anesthesia"  is  induced  with  a  small  dose  of 
ketamine  (0.35  to  0.7  mg/kg)  which  usually  maintains  cardiac 
function,  rather  than  sodium  thiopental  which  depresses  venous 
return  and  myocardial  contractility.  Although  the  maintenance 

of  a  high  cardiac  filling  pressure  is  theoretically  important  and 
intravenous  fluid  should  be  given  to  achieve  it,  this  is  only 
a  short-term,  temporarizing  measure. 

Spinal  Injuries 

The  approach  to  securing  an  airway  has  been  discussed  above. 
Although  succinylcholine  is  contraindicated  several  days  after 
a  denervation  injury,  there  is  no  evidence  of  muscle  membrane 
instability  in  the  first  few  hours.  Thus,  if  otherwise  indicated, 
succinylcholine  may  be  used.  Patients  in  halo  traction,  requiring 
anesthesia  for  other  injuries,  are  intubated  nasally  under  topical 
anonthesia,  if  nr-cos.sary  using  a  fiberoptic  bronndioscopo .  Acute 
spinal  cord  injuries,  particularly  in  the  cervical  or  high  thoracic 
regions,  result  in  a  "spinal  shock"  syndrome.  Large  volumes  of 
intravenous  fluid  may  be  required  to  maintain  adequate  cardiac 
filling  pressure  and  systemic  pressure.  Central  venous  pressure 
should  bo  monitored  and  a-adrenergic  agents  may  be  used  to 
condensate  for  the  sympathetic  denervation,  provided  cardiac 
filling  pressures  and  urine  output  are  maintained. 

Head  Injuries 

Intracranial  pressure  is  decreased  as  much  as  possible  by 
administration  of  mannitol  or  furosemide,  induction  of  iiypocarbia 
(PaC02  ■'  30)  and  maintenance  of  a  low  venous  pressure.  A 
mechanical  ventilator  wave- form  with  rapid  inspiratory  f  ow 
rates  may  assist  in  minimizing  inthrathoracic  pressure.  To 


minimize  autonomic  response  to  intubation  and  incision,  barbitu¬ 
rates  and  narcotics,  because  of  their  less  unfavorable  effects 
on  intracranial  pressure,  are  probably  preferrable  to  the 
anesthetic  vapors.  However,  there  is  no  strong  evidence  to 
support  large  dose  barbiturate  therapy  for  brain  protection  in 
this  setting. 

Intraoperative  complications.  Marked  hypotension  immediately 
following  intracranial  decompression  is  common.  This  should 
be  managed  with  fluids  and,  if  necessary,  the  judicious  use  of 
a  pressor  such  as  ephedrino.  We  routinely  establish  arterial 
and  central  venous  pressure  monitoring  as  soon  after  induction 
as  possible.  A  coagulopathy  is  occasionally  seen.  The  etiology 
of  this  Die- like  picture  is  not  clear  but  fresh  blood  and/of 
fresh  frozen  plasma  are  the  therapy  of  choice.  Neurogenic  pulmonary 
edema  may  be  soon  rarely  and  facilities  must  bo  available  for 
intraoperative  application  of  PKEP. 

The  Open  Globe 

Facial  ii'jurios  may  include  trauma  to  the  globe  of  the 
eye.  Loss  of  vitreous  humor,  iris,  and  lens  may  result  in 
permanent  blindness  and  require  evisceration.  To  minimize 
this  possibility,  every  effort  is  made  to  avoid  raising  intra- 
oGCular  pressure.  The  factors  which  control  intraocular 
pressure  are  similar  to  those  affecting  intracranial  pressure. 
Induction  of  anesthesia  must  be  smooth  and  there  must  be  no 
"squeeze"  of  eye  muscles  or  straining  during  surgery.  The 
f asiculations  which  accompany  succinylchcline  administration 
cause  a  transient  increase  in  intraocular  pressure,  but  its 
importance  or  the  effectiveness  of  a  previously  administered 
non-depolarizing  agent  in  the  open  eye  are  uncertain.  Our 


preference  includes  the  use  of  "precurarization”,  a  large  dose 

*  f*  , 

of  thiopental,  and  succinylcholine;  or,  where  a  large  dose  of 
thiopental  would  be  hazardous,  substituting  a  large  dose  of 
pancuronium  (0.15  mg/kg)  for  the  succinylcholine.  Either  way, 
the  profound  myoneurel  block  is  maintained,  and  monitored  with 
a  nerve  stimulator.  The  ventilator  is  adjusted  to  maintain 
hypocarbia. 


THE  IMMEDIATE  POSTOPERATIVE  PERIOD 

At  the  end  of  surgery.  Tor  all  but  the  most  massive  trauma, 
when  hypovolemia  has  been  corrected  and  the  hemodynamic  status 
is  stable,  tl>o  temperature  is  greater  than  34 “C,  and  pulmonary 
gas  exchange  is  satisfactory,  it  is  usually  appropriate  to 
oxtubate  the  patient  and  to  administer  oxygen  in  the  recovery 
room.  Because  of  the  langet  of  possible  regurgitation  and 
aspiration  of  gastric  contents  the  patient  should  not  bo  extubated 
until  he  is  awake  and  has  intact  upper  airway  reflexes. 

Following  major  trauma,  many  patients  remain  unstable  in 
a  number  of  ways.  These  include  blood  volume  and  hemodynamics, 
temperature,  noid-baso  balance,  and  coagulation.  .In  some 
instances  pulmonary  odema  is  present  as  a  result  of  pulmonary 
trauma,  or  secondary  to  previous  cardiac  ischemia  and/or  massive 
fluid  load.  Intracranial  pressure  may  require  monitoring. 
Intensive  care  will  bo  necessary,  but  the  procosr  of  transfer 
is  not  simple.  There  will  be  a  lapse  of  time  before  the  patient 
is  settled  in  the  ICU  with  all  monitoring  systems  functioning, 
and  the  ICU  staff  conversant  with  the  ongoing  problems.  There 
are  various  ways  to  meet  this  situation,  but  guiding  principles 


are  as  follows. 


1)  Establish  and  maintain  as  much  monitored  stability  as 
is  feasible  in  the  operating  room  i.e.  do  not  take  a  "blind 
leap"  to  the  ICU  with  a  hypovolemic,  hypotensive  patient  whose 
blood  gas  and  acid-base  status  is  unknown.  If  necessary,  stay 
in  the  operating  room  long  enough  to  correct  these  defects. 

2)  Use  portable  electronic  monitoring  and  mechanical  venti¬ 
lation  equipment  for  the  move  to  the  ICU  and  ensure  that  these 
are  functioning  well  before  leaving  the  operating  room.  In 
patients  with  severely  impaired  cardiorespiratory  Status,  a 
change  to  manual  ventilation  may  result  in  a  sufficient  change  in 
intrathoracic  pressure  to  cause  increased  hypotension  or  intra¬ 
cranial  pressure,  or  to  permit  a  change  in  lung  volume  with 
resulting  deterioration  in  oxygen  exchange. 

3)  Forewarn  the  ICU,  to  prepare  the  necessary  ventilation 
and  monitoring  equipment,  and  any  other  urgently  required  therapy, 
Kiirh  ns  blood  jiroductr. . 

4)  On  arrival,  establish  continuity  of  blood  pressure 
monitoring  and  of  ventilation  as  first  priority.  Stay  with  the 
patient  until  all  monitoring  and  support  systems  are  reestab¬ 
lished  and  the  ICU  staff  is  familiarized  with  the  patient's 
circumstances  and  orders. 
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